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Phase II SBIR Final Report: An Ultra-Sensitive Optical Biosensor for Food
Safety (Contract DAAD16-01-C-0001)

Executive Summary.  The further development of a unique interferometric based optical
biosensor platform for the rapid unlabelled detection and identification of foodborne pathogens
was carried out under Phase II SBIR contract DAAD16-01-C-0001 entitled: An Ultra-Sensitive
Optical Biosensor for Food Safety.  The potential in combining optical methods with
biomolecular recognition techniques is the high signal gain derived from photonic amplification
and thus high sensitivity, specificity, and rapid response time.

This Phase II effort was focused on the development of the following innovations:

• Microfluidic diffusional filtering of bacterial cells for high-throughput ‘on-chip’
purification of real-world samples prior to detection,

• Biomolecular immobilization based on the application of thin self-assembled
polyethylene oxide derived molecular films with for highly controlled positioning of
receptor sites and the suppression of non-specific binding events,

• Uigh resolution interferometric evanescent wave detection based on the modulation of
polarization and the subsequent differencing of TE and TM modes for highly stable and
self-compensated operation, and

• The spatial manipulation of the cells within a microfluidic environment to steer the
sample stream nearer to the receptors for increased probability of capture.

The goal of the effort was the eventual development of a portable biosensing platform for the
detection and identification of viable pathogenic microbes in foods at the level of 1 CFU/mL
within a 30-minute period.

The usual 24-month Phase II SBIR program was accelerated to hasten the commercialization of
the technology, however the program was terminated at 18 months after both contract funding
and SatCon cost-share had been expended, and no follow-on funding was attainable.  The
original proposal, written only four months into the Phase I effort, was modified to perform a
bench-top level effort and not the fully miniaturized development originally proposed.  Cost-
sharing equivalent to the indirect program costs was borne by SatCon.

Laboratory Development.  The different sub-systems were developed, tested, and integrated to
the extent possible.  A summary of these efforts are provided below:

• A ‘doubly differential’ interferometer, relying on the difference in evanescence response
between modulating polarizations, was built.  The transducer monitored changes in the
speed of light caused by surface binding propagating through a single-mode waveguide.
A first generation grating coupled waveguide was fabricated but was unusable due to
poor light throughput.  The design of the next generation waveguide was improved with
the incorporation of 1st order diffraction gratings.  A commercial fabrication facility
capable of doing the work was identified and contracted.  The fabrication setup of these
devices was completed, photolithographic masks were purchased, wafers were delivered,
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and the process was ready for thin film deposition and feature etching, however, the step
to manufacturing was not taken due to delays and to inconsistencies in modeling results
which have confused the selection of the final design specifications.  The development of
the interferometer and the biosensor overall was eventually hampered by the
unavailability of working waveguides needed to prove the feasibility of the doubly-
differential technique and make measurements of microbiological targets.

• The waveguide surface was derivatized with a self-assembled monolayer (SAM) of
polyethylene oxide (PEO) to which protein-A was covalently attached by the Laibinis
group at MIT.  This provided a ‘Teflon’ like surface for the suppression of non-specific
binding and the carefully controlled positioning of receptors.  The development of the
initial chemistry was completed, however, its optimization and patterning could not be
completed before the end of the program.

• A receptor system based on a protein-A linker for the general attachment of IgG immuno-
receptors was successfully developed.  A model E. coli system was developed as a
laboratory standard and immuno-receptor attachment and regeneration was demonstrated.

• Non-specific binding (NSB) of proteins was addressed by the application of a PEO SAM
mentioned above.  A novel optical technique proposed by the Boston University group
for the controlled desensitization of the waveguide surface and the microfluidic based
filtering to diffuse small molecules from large cells as a means of mass extraction was
also explored as an additional approach to NSB and for ‘on-chip’ sample preparation,
respectively.  No data were able to be produced from the former optical experiments.
Stand-alone gravity driven disposable cartridges were designed by Micronics, Inc for
SatCon and tested.  Cell recovery was typically measured at 60-70% while removal of
BSA protein was slightly higher.  Although not optimized, these results suggest that this
technique alone will not be adequate for ‘on-chip’ sample preparation.

• A novel flow cell based on the dynamics of flow at low Reynolds number to spatially
direct cells nearer to the receptors for enhanced capture efficiency was conceived.  A
device was designed and tested.  The experimental data were in excellent agreement with
theoretical predictions and eventually limited by the stability of the pump station.
Although hydrodynamic focusing is an important contribution for increasing the capture
probability its practical use comes at the price of longer processing times.

• Preliminary integration and laboratory characterization was carried out with grating
coupled waveguide devices obtained from Dr. Daniel Campbell at the Georgia Tech
Research Institute.  Refractive index data on bulk fluidics, non-specific protein
adsorption, and specific capture of proteins was collected; however, experiments with
bacterial cells were not able to be completed because of the unavailability of quality
waveguides.  Experiments were originally planned using prism-coupled waveguides
produced by the Boston University group to obtain intermediate data.  No data were able
to be produced due to a fatal design flaw in the production of the waveguides.

• Finally, an in-depth food-testing program was planned to characterize the platform’s
ability to recovery E.coli 0157 and S.aureus pathogenic cells from different food systems.
Experiments establishing model systems were begun but not fully executed before all
resources were expended.
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Overall, the lack of availability of working grating-coupled waveguides has delayed the
demonstration of the effectiveness of this approach and further work described herein is required
before the value of this technique can be fairly accessed.
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Chapter 1 : Program Overview

Introduction.  The further development of a unique interferometric based optical biosensor
platform for the rapid unlabeled detection and identification of food-borne pathogens was carried
out under Phase II SBIR contract DAAD16-01-C-0001 entitled: An Ultra-Sensitive Optical
Biosensor for Food Safety.  The utility in combining optical methods with biomolecular
recognition techniques is the high signal gain derived from photonic amplification and thus high
sensitivity, specificity, and rapid response time.

Recently published results by Demarco et al.1 on the detection of E.coli 0157:H7 in ground beef
samples using fluorescent tagging clearly demonstrate the ability of optical biosensors to detect
and identify foodborne pathogens at population levels of great interest to the food safety
community.  The goal of this project is to advance the state-of-the-art by demonstrating
unlabelled detection with commensurate sensitivities in a simplified implementation.

The overall thrust behind this work is that the potential of interferometric based biosensors, while
universally recognized, has not yet been appreciably realized.  The major obstacles limiting
interferometric evanescent and most biosensors overall have been:

• Interference resulting from non-specific surface binding, and
• System stability and sensitivity of the detection method.

These technical barriers have generally slowed the commercial development of many optical
biosensing technologies in this country2.  This Phase II effort addressed these obstacles through
the development of:

• Microfluidic diffusional filtering of bacterial cells for high-throughput ‘on-chip’
purification of real-world samples prior to detection,

• Biomolecular immobilization based on the application of thin self-assembled
polyethylene oxide derived molecular films for highly controlled positioning of receptor
sites and the suppression of non-specific binding events, and

• Uigh resolution interferometric evanescent wave detection based on the modulation of
polarization and the subsequent differencing of TE and TM modes for highly stable and
self-compensated operation.

A problem unique to the detection of cells using biosensors is the efficient capture of the
organisms prior to detection.  SatCon has addressed this challenge by

• The spatial manipulation of the cells within a microfluidic environment to steer the
sample stream nearer to the receptors for increased probability of capture.

Phase II Objectives.   The focus of this Phase II effort was the development of a portable
biosensing platform with the ultimate goal of the detection and identification of viable
pathogenic microbes in foods at the level of 1 CFU/mL within a 30-minute period.  The
combination of the sensitive optical transducer with a novel microfluidic ‘membraneless’
diffusional filter lends itself naturally to the separate delivery of both whole cells as well as small
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molecules such as toxins for detection of both targets.  After integration of all hardware a
laboratory test program was conducted to characterize the ability of the platform to sense
pathogenic microbes in food substances.

Phase II technical objectives were:

1. Platform Advancement - Development of the optical transducer with miniaturization of
optical components and the incorporation of a microfluidic transport system,

2. Laboratory Integration - Portable platform integration and testing.  The basic testing will
be accompanied by any required refinements to the platform and will characterize its
operation under ideal conditions.

3. Food Testing - An in-depth food-testing program will be conducted to characterize the
platform’s ability to detect E.coli 0157 and S.aureus pathogenic cells in food substances.

The following text describes the successes and present status of experiments designed and
conducted to achieve these objectives.  Overall, the ability to complete these objectives was
impeded by the lack of functional waveguides.  The programmatics are described in Chapter 2.
The development of the overall optical design is found in Chapter 3 while optical waveguide
development is described in Chapter 4.  Surface derivatization, receptor development, and non-
specific binding are found in Chapters 5, 6, and 7, respectively.  The primer for microfluidic flow
is found in Chapter 8 followed by a description of the flow cell in Chapter 9.  A description of
the laboratory characterization experiments carried out is described in Chapter 10.  Finally, work
carried out for the application of the biosensor system to the detection of Foodborne pathogens is
described in Chapter 11.
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Background

Rapid Methods for Food Safety.  Food testing places very stringent criteria on assay
technology. In contrast to clinical samples, food is neither sterile nor highly contaminated.
Pathogen testing requires detection at a level of a single organism per 25g of foodstuff,
challenged by the presence of deliberately cultured benign bacteria.  The matrices assayed by the
food industry are complex and come in a staggering array of compositions, containing bacterial
growth inhibitors such as egg white, or substances that interfere with the assay itself, such as
fats.

At this time no commercial sensors exist that are capable of real or near real time detection of
food microbes at the levels mandated by current regulations without first resorting to culture
enrichment for amplifying the population of the pathogens 3.  This was the topic of the NSF
jointly sponsored Workshop on Enhancing Food Safety through the Use of Sensors, September
24, 1997.

Current Methodology.  Currently accepted methods for detection of bacterial pathogens rely on
culturing the organisms and require at least 48 hours to obtain conclusive results.  Since the
organisms are grown and characterized by using selective media and biochemical tests these
procedures can detect 1 CFU/ 25 gm of food sample.  However, the limitation of these
procedures is the time required for the analysis.  Improvements in the time were provided by the
use of immunoassays because these tests are specific for the organism and can be completed in 2
to 4 hours. Currently accepted tests using commercial test kits based on immunochemical
techniques offer results in 22 to 24 hours from time of sampling to obtaining final results.  There
are several commercially available test kits for E. coli O157:H7.  There is one commercial test
kit for the detection of S. aureus available from TECRA but it requires a 24-hour pre-enrichment
phase to increase the number of bacterial cells.  Although immunochemical tests may be
completed in a few hours these assays often require at least 105 or 106 CFU/ml and thus are not
sensitive enough for direct, real time detection of the pathogens.

Su and Wong have reviewed several commercially available immunoassays developed to check
for Staphylococcal enterotoxins with sensitivities ranging from 0.2 ng/ml to 1.0 ng/ml and a total
assay time of 1.5 to 24 hours4.  Some of the more rapid enterotoxin kits require special
equipment or involve several handling steps common to most immunoassays.

Biosensors.  Recent developments in biotechnology are quickly giving rise to rapid techniques.5

Adenosine triphosphate (ATP) assays are a promising technique because of their fast response
time (104 cells in 10 minutes).  However, since ATP is present in all bacteria, specificity is
lacking to differentiate pathogenic from normal bacteria.  ELISA tests have response times of 10
minutes up to 2 hours, but poor sensitivities of 104 cell/g requires prior enrichment.  DNA based
assays using PCR such as those under development by bioMerieux, while still having theoretical
promise, have not yet been successful in avoiding culture enrichment steps.

Significant progress has been made recently using optical fluorescence-based systems such as the
Analyte 2000, a portable fiber optic evanescent wave probe.  Demarco et al.6 report the detection
of 3 to 30 CFU/ml of E.coli 0157:H7 from spiked ground beef samples demonstrating the
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feasibility of using optical biosensing devices to detect small numbers of cells.  The unit utilizes
a portable fiber optic spectrometer to detect a sandwich immunoassay performed on tapered fiber
tips.  The system total analysis time was 38 minutes with a sensitivity that has the potential to
permit near real time analysis.  However, the system still relies on a sandwich immunoassay for
labeling and detection of the organisms and some of the subsequent rinsing steps involved with
this format.

Ye, et al, 1999, have developed a membrane-based fiber optic biosensor with the capability of
detecting 3.8 X 104 colony forming units/ml (CFU/ml) of S. aureus7.  Pivarnik, et al, 1999 have
developed an immunomagnetic sensor for detection of Salmonella with a detection limit of 1 x
105 cfu/ml8.

Staphylococcal enterotoxin A has been detected with a commercially available biosensor.  The
IAsys evanescent wave biosensor was used in a single antibody capture -direct detection
procedure with a sensitivity in the range of 10 - 100 ng/g of sample signal9.  When used as a
single antibody capture and measurement the assay could be completed in as little as 4 minutes.
To improve sensitivity the system was used with a secondary antibody and a sandwich assay.
Although the signal obtained in the sandwich format was greater it required more time and extra
handling steps.  In the single capture and measurement procedure the instrument was faster than
the currently available immunoassay kits but less sensitive by at least a factor of 10.

Portable Biosensing Platform.  The technology is based around the concept of a small,
integrated disposable cartridge containing all fluidic circuitry as well as the active sensing
element.  The cartridge is interchangeable for eventual testing of different microbial pathogens
and sealed to eliminate contamination.  A conceptual design of the platform is shown in Figure
1-1 below along with the integrated disposable cartridge.  Sample is injected into a port located
on the surface of the cartridge and pumped into the optical sensing chamber via microfluidic
circuitry.  The entire instrument can be packaged smaller than a laptop computer weighing less
than 5 lbs; dimensions of the disposable cartridge are anticipated to be within a volume defined
by 3” long x 2” wide x 0.5” high.

Figure 1-1: Conceptual drawing of the biosensing platform (left) and a detail of the
integrated cartridge containing both fluidics and the optical sensing element (right).
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Optical Detection.  The United States needs robust portable detectors of biological and chemical
samples, which work with great accuracy and at high speeds.  Optical biosensing has particular
promise due to the combined advances in molecular biology and the development of inexpensive
lasers and optics.  The utility in combining optical methods with biomolecular recognition
techniques is the high signal gain derived from photonic amplification and thus high sensitivity,
specificity, and rapid response time.  This promise has not yet been fulfilled.  As a result of these
barriers, the commercialization of optical biosensing technologies has remained slow in this
country. 10

Evanescent wave detection is a popular optical technique because of its capability to sense
surface binding.  An evanescent wave field is an electromagnetic field at the outside surface of
an optic generated by light totally internally reflected within that optic.  The evanescent field
intensity falls off exponentially with distance (E=exp(-αz), where α is on the order of one over
the wavelength of the light) and is therefore ideal for the detection of localized phenomena such
as pathogen binding onto a surface.

One class of evanescent sensors relies on fluorescent markers to monitor pathogen binding. In
these devices the excitation and emission light are delivered and collected, respectively, via
evanescent wave coupling using multi-mode waveguides for optical transport and the primary
detection mode is through the sample’s fluorescence.11,12,13,14,15 Similar techniques have used
optical fibers and various concentration schemes16 and are occasionally referred to as Total
Internal Reflection Fluorescence (TIRF).17,18 These methods have become popular because of
their optical simplicity.  The difficulties are that amplification methods are still required for
highly sensitive biological detection, and intensity detection is unstable to source noise and
optical scattering, as well as being inherently limited by the statistics of the detected number of
emission photons.  Most importantly, these methods are not differential and the process of
fluorescent tagging is imperfect, leading to a background of non-specific surface and molecular
binding limiting the signal.

The use of a reporter fluorochrome can be avoided entirely by measuring changes in the optical
fields from the direct binding of the target onto the surface.  The two most commercially
successful optical biosensors developed by the Swedish Pharmacia Biotech and the British
Affinity Biosensors (recently acquired by ThermoElectron, Inc), respectively, are based on non-
labeled evanescent wave.

An important example of non-labeled detection is surface plasmon resonance (SPR)19 where the
incident optical field resonantly transfers energy to a surface plasmon (i.e. the allowed surface
mode).  The surface is coated with a thin layer of metal, and the binding of the target changes the
effective index of refraction of the combined layers.  The in-plane wave vector of the optical
field is then scanned, and an intensity minimum is observed at the momentum and energy
matching condition.  Differential techniques20 for SPR are quickly becoming standard; novel
metal films for amplification21 are also under development to increase sensitivity.  SPR has not
been readily applied to low concentration microbial populations to date, and its marketability is
likely limited by its high user cost.

The technique investigated by SatCon under this program substantially increases sensitivity
through the use of single-mode planar waveguides and precision interferometry to detect changes
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in the effective index of refraction resulting from surface binding.  This approach differs from
other evanescent techniques (e.g. conventional SPR) through the detection of optical phase
instead of intensity distributions.  This approach is particularly attractive because of its potential
for extremely high sensitivity from large photonic amplification, its inherently differential
nature, simplicity in implementation (i.e. integrated optics), and high volume/low cost
manufacturing.  However, interferometry has tended to be less popular because of the optical
sophistication required for its development.

Evanescent Wave Surface Detection.
The basic working principle behind single-
mode interferometric surface detection as
applied to biosensing is shown in Figure
1-2.  Light is guided through a thin-film
optic having highly specific receptors
immobilized to the surface.  The optic is
designed to support a single spatial mode
so that the intensity distribution of the
light remains constant. When a target
pathogen binds to a receptor, its physical
presence causes a change in the local
index of refraction. The evanescent field
of the guided light wave senses this
change modifying the effective refractive index of the optic causing a shift in the optical phase.

Innovations.  The area we have identified as a major obstacle to the application of sensitive
waveguide detection systems is the transducer stability and optical phase detection.  Our
significant design advance comes from a doubly differential interferometric waveguide design
implemented in combination with high-speed, high-sensitivity optical phase detection to solve
the problem of time-dependent ambient fluctuations.  Optical phase will be recovered at the level
of δϕ ∼10-7 cycles/√Hz – a factor of up to 1000 times better than competing optical biosensor
detectors.

Interferometer Design.  The
SatCon approach exploits the
difference in response of the
effective refractive index to
surface binding from two
orthogonal polarization modes
propagating simultaneously
combining it with a two-arm
Mach-Zehnder configuration
to form a doubly differential
interferometer.

Since the length of the evanescent tails above the surface of the two modes differ considerably,
their respective phase shifts form the basis for a differential measure of the change in the

∆ϕ

TE

TM

Thin-Film Waveguide

Substrate

Figure 1-3: Illustration of phase shift between TE (light gray) and TM
(dark gray) components of guided wave induced by surface binding
events for one arm of the interferometer.

Figure 1-2: Schematic diagram of evanescent wave
detection. Coherent light is constrained to propagate via a
single spatial mode when guided through a thin-film.
Interaction of the light with surface binding events results
in a well-defined shift in the phase of the light wave.

Substrate

  Surface
Derivatization

Thin-film Waveguide Guided Wave

Evanescent  Field Distribution
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effective index.  Figure 1-3, expanding on the basic phenomena described by Figure 2, illustrates
the consequential shift in relative phase between the two polarization modes caused by surface
binding for a single interferometric arm.

Although a coaxial single arm (differential polarization) design, as first demonstrated by
Lukosz2, very effectively provides immunity to inherent thermal and mechanical perturbations,
the differing evanescent tails of TM0 and TE0 are affected by other surface effects such as the
temperature dependence on the refractive index of the contact solution.

These shortcomings are addressed by the introduction of a second optical branch, itself also
coaxial, used as an environmental and biological reference to subtract optically, extraneous
temperature effects and non-specific binding.

The interferometer is implemented
on a planar waveguide and thus the
two arms are not only constructed
from identical material but are also
located in extremely close proximity
(hundreds of microns) to each other
ensuring highly effective differential
performance.  A schematic diagram
of the doubly differential
interferometer design is shown in
Figure 1-4.

Work by Others .  Several earlier and on-going efforts to develop an interferometric detector for
biosensing have resulted in integrated optical (IO) devices.  Coaxial polarization interferometers
(interference of the two orthogonal polarization states) have been developed by the Swiss group
headed by Lukosz2,22 and subsequently configured for Zeeman interferometry at Los Alamos
with the University of Arizona.23,24  Mach-Zehnder IO interferometers have been developed by
Hartman1 at the Georgia Tech Research Center with Photonic Sensor Systems (their commercial
spin-off) and by Helmers et al. 25 A large ongoing international research effort at the
Optoelectronics Research Centre, University of Southhampton, England 26,27 is presently
developing a novel IO multi-branch Mach–Zehnder interferometer design for unambiguous
fringe counting.  Unfortunately, all of these efforts are compromised by phase noise from
thermal, mechanical, or environmental instabilities and lossy optical materials at a typical
detection level of 10-3 cycles or worse.  Thus, the SatCon approach promises significant
advancement over current state-of-the-art transducer technology.
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Chapter 2 : Programmatics

Original Program Plan.  The original work plan to accomplish the objectives set forth in the
previous section naturally decomposed into five basic tasks: 1.) optical development, 2.) fluidics
development, 3.) surface derivatization, 4.) laboratory characterization, and 5.) food testing.  The
majority of the hardware development was proposed to be completed by the end of month 12
while months 13-24 were devoted to characterizing the platform in a wide range of
microbiological environments and refining the platform as needed.  At the end of year 2 the
feasibility of the integrated platform to detect and identify viable food-borne pathogens was to be
demonstrated in a food testing program.

Months 1-12 consisted of the laboratory development of each of the component subsystems.  The
development of a preliminary disposable microfluidic cartridge demonstrating all of the specified
fluidic operations was planned.  The fabrication and evaluation of several different waveguide
designs incorporating grating coupling was planned.  An optical design was to be specified and
constructed, and a miniature optical phasemeter was to be produced.  Protocol for patterned
receptor immobilization was to be demonstrated and waveguides coated with receptors were to
be produced.  At the end of year one all hardware was to be integrated into a portable system that
can be easily transported to outside laboratories for testing and demonstration.

Months 13-24 were devoted primarily to the biological characterization of the hardware first at
SatCon, then at URI.  During the last six months of the program an in-depth food testing
program would be conducted to evaluate the platform’s ability to detect both E. coli and S.
aureus in various food substances.

Modifications to the Plan.   The original Phase II proposal was submitted four months into the
Phase I effort.  After completion of the Phase I and Phase I Option efforts, new insights were
gained into the program goals.  Three major insights were realized:

1.) Cell capture was a key problem for biosensors and significant resources should be put
into this unanticipated effort,

2.) The development of the individual components would require more time and resources
than originally envisioned.  Therefore the Phase II plan was modified after discussions
with Natick to consist exclusively of a breadboard setup with discrete stand-alone sub-
systems because its miniaturization into a functional disposable coupon was beyond the
resources available for this Phase II effort.

3.) The development of pure silicon waveguides at 1.3 µm, as originally proposed, was
riskier than anticipated, and it was therefore determined that the highest probability of
success was to pursue the development of Si3N4 waveguides using visible light.  This was
because of the ease of working with visible light in contrast to the NIR spectrum and
risks associated with the development of pure silicon waveguides during the Phase I
Option at Boston University.

These planning changes were discussed with Dr. Andre Senecal, technical monitor at Natick, and
considered reasonable.
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Program Acceleration.  In the spirit of the Small Business Innovative Research Program, SatCon
Technology Corporation made the following changes to its biosensing program as a commitment
to bringing this technology to the marketplace.

• Laboratory Facilities.  SatCon invested in the construction of a new dedicated biosensing
laboratory providing microbiology, chemistry, and optic capabilities.  The newly
furbished 300 square foot laboratory space is divided into two separate rooms: i.) a
laboratory area dedicated to microbiological work and ii.) an optics laboratory for
working in a darkened environment.

The microbiological laboratory contains over 20 feet of working bench space and has all
of the standard equipment and reagents for culturing and quantifying microbial
populations.  Laboratory equipment includes an autoclave, incubator, an orbital shaker
incubator, refrigerator, precision balance, and UV/Visible spectrophotometer for
quantification.  The laboratory is also equipped with a fume hood and has a proper
arrangement for the disposal of bio-hazardous and chemical wastes.

The optical laboratory facilities include a 3’ x 6’ vibration isolated optical table and
various high- performance optical breadboards for mounting experiments.  Laboratory
equipment available for experiments includes an ultra-stabilized HeNe laser and a 1.3 µm
TEC diode laser, InGaAs and Si detectors, broadband power meter, and standard
components including lens sets, ND filters, mounts, translation stages, mirrors, and
beamsplitters.

• Accelerated Technology Demonstration.  In order to speed up its commercial
development a technology Proof-of-Principle” demonstration was planned for  a 9-month
time frame.  A time line for this plan is shown in Figure 2-1.
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• Cost Sharing.  Significant funding well in excess of the Phase II award was required to
accomplish this effort.  In recognition of this SatCon Technology Corporation cost-shared
this effort.  Specifically, the Phase II award was used 100% for direct labor and materials.
All other expenses were covered by SatCon for an estimated amount of $588,436
increasing the total value of the program from $719,082 to an equivalent SBIR award
equal to $1,307,518, not including the expense of the laboratory.

Schedule.  The original schedule included in the Phase II proposal is shown with black text
and with gray shading in Figure 2-2.  The actual schedule progress is overlaid on top of the
original proposal in blue to illuminate any variations from and additions to the original
schedule.  The yellow vertical strip indicates the point at which the program funding (both
SatCon and Army funding) was exhausted and the program was ended.

Figure 2-1.  Timeline for 9-month technology demonstration.

Technology Proof-of-Principle
Demonstration (Month 9)

Interferometry,
Surface

Attachment,
Waveguides, and

Fluidics Risks
Addressed

Integration

Protein/Bacteria

Testing

Foodborne
Pathogen

Testing

Months 0-3

Month 6

Months 7-9

Months 10-15

SBIR Phase II SOW Completed (Month 15)
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Integrated Schedule based on Phase II Proposal

Tasks                   Months 1-2 3-4 5-6 7-8 9-10 11-
12

13-
14

15-
16

17-
18

19-
20

21-
22

23-
24

Optical Development

   Completion of SOI

   Optical System Development

      Phasemeter Development

      Interferometer Development

  Grating Coupled Waveguide
Fabrication
      Design

      Fabrication (Sarnoff)

      Optical Switch

Intermediate Data (Prism Coupled
Waveguides)
Fluidic Development

   Automated Flow System

   Disposable Cartridge/Flow Cell
Des.
     Design Microfluidic Flow Cell

     Fabrication

     Laboratory Characterization

Non-Specific Binding

     H-filter Design and Fabrication

       H-filter Lab Characterization

    Optical Desensitization

   Microfluidic embedded subsystem

Biomolecule Immobilization

   Protein A covalent attachment
chemistry
   Optimization

   Patterning

Receptor Platform Development

Integration

Laboratory Characterization

Delivery to URI

Food Testing

  Non-Specific Binding

  Model Systems

   Sampling Procedures

   Ecoli Testing

   Saureus Testing
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Description of the Team: Roles and Responsibilities.  The interdisciplinary nature of
biosensing requires an unusually broad set of expertise for successful development.  A major
strength of the SatCon effort is the assemblage of a world-class team having the depth and
experience to innovate and develop the needed technology all located within a few miles radius.
The proximity of all collaborators with the exception of Micronics allowed for bi-weekly group
meetings promoting easy communication and visitation.

Original Team. The overall program and technical management of the program was performed
by Dr. Ronald Rieder.  Dr. Rieder was also responsible for the development of the interferometer
and all associated optics and detectors.  The Laibinis group in the Dept. of Chemical Engineering
at MIT was tasked with the surface engineering for the immobilization of receptors.  Dr. Hitesh
Jindal was hired by SatCon as fulltime senior microbiologist/biochemist in support of this program.
Micronics, Inc of Redmond, WA was tasked with the development of disposable microfluidic cartridges
for diffusion-based filtering.  Dr. Jianming Ye in the Department of Food Science and Nutrition at
the University of Rhode Island was responsible for the characterization of the SatCon biosensor
with different food and pathogen system. Drs. Goldberg and Unlu of the Photonics Center at
Boston University were responsible for the development of the waveguides essential to the
success of this program.  A graphic showing the organization of the team is shown in Figure 2-4.

As the program developed, additional subcontractors were used.  VTECH Engineering (Andover,
MA) was used to assist with the electrical engineering of the phase detector.  Standard MEMS
(Burlington, MA), Sarnoff Corporation (Princeton, NJ), and Optical Switch (Bedford, MA) were
all involved in the fabrication of the waveguide devices.  Finally, Drs. Andre Senecal and Phillip
Pivarnic at the U.S. Army Soldier and Biological Chemical Command, Soldier System
Command, Natick, MA agreed to complete the work intended for the URI group after their
default because of the dissolution of the URI research group.

Waveguide
Development: BU

Food Testing
Program:

URI/SBCCOM

Interferometry:
SatCon

Microfluidic
Development:

Micronics/SatCon

System
Integration:

SatCon

Surface
Derivatization: MIT Microbiology: SatCon

Rapid
Detection

Figure 2-4. Organization Chart
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A summary of the principals conducting the work performed during this Phase II effort:

• Ron Rieder, Ph.D., SatCon Technology Corp. (Precision Interferometry/Phase Detection)
• Prof. Paul Laibinis, Dept. Chemical Engineering, M.I.T. (Surface Derivatization)
• Hitesh Jindal, Ph.D., SatCon (Microbiology)
• Bernhard Weigl, Ph.D., Micronics, Inc, Redmond, WA (Microfluidics)
• Andre Senecal, Ph.D. and Phillip Pivarnic, Ph.D.,U.S. Army Soldier and Biological

Chemical Command, Soldier System Command, Natick, MA (Food Testing).
• Prof. Bennett Goldberg, Physics Dept., Boston University (Waveguide and Optical Design)
• Prof. Selim Unlu, Dept of Elec. and Comp. Eng., Boston University (Waveguide Design and

Fabrication)
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Chapter 3 : Optical Design

Phase II Transducer Design.  The objective of the optical setup is to couple light of both
polarizations in (and out) of a single-mode waveguide and image it onto a detector array.  The
current waveguide design relies on a single uniformly spaced grating for coupling both
polarizations.  The coupling angle depends on the grating period and the effective indices for
each polarization. Thus, the coupling angles for each polarization are different and the
supporting optics must be spatially separated into two beams 1.  This is accomplished by
introducing the birefringent material calcite into the beam.  A schematic of the optical setup is
shown below in Figure 3-1.

Design Details.  A HeNe (633 nm) laser beam was passed through a cube beamsplitter to divide
the light into two beams for the reference and target arms (not shown) followed by a polarization
modulator (Displaytech Inc.) that switches between polarizations sequentially exciting the TE
and TM guided modes within the waveguide.  It was necessary to modulate the polarizations
after the beamsplitter because the coating properties of the beamsplitter were optimized for a
single polarization.  Each beam then passed through a calcite optic that separated the light
according to polarization.  The beams were then focused independently to their respective
incident grating coupling angles and launched into the waveguide.  The output optics were
similar with the exception of the combination of a converging and diverging lens to combine the
reference and the target beams onto the detector forming a fringe pattern matched to the pitch of
the pixel array of the phase detector.

Phase Detector and Data Acquisition.  The new phasemeter and data acquisition system was
designed and constructed based around a cooled integrating linear imaging device manufactured
                                                
1 This complication will be overcome in future designs by designing more complicated gratings that will couple light
of both polarizations at the same angle.  This will simplify the supporting optics significantly by requiring only a
single beam containing both polarization and make for a more compact system.

Fluidics

Pump
Station Waste

Waveguide

Beamsplitter

Polarization
Separator
(Calcite)

Converging
Lens

Polarization
Modulator

TE

TM

Laser

Converging Lens for
Ref-Tgt Beams

Phase
Detector

(Integrated
Cartridge)

Figure 3-1.  Schematic of experimental setup used for Doubly Differential Interferometer
testing with GTRI waveguide.  The side view is shown only to illustrate the paths of the
different polarizations.  The laser is split into two lateral beams prior to the polarization
modulator to form the reference and target channels.  Thus, four optical paths (2 polarizations
x two channels) were aligned for this optical demonstration.
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by Hamamatsu (Model C5964-0800).  This detector has 256 pixels each 50µm x 2500µm in size
and is cooled to 0°C by a built-in thermo-electric cooler for stability.  The detector signals are
converted to a digital signal by a National Instruments (Model 6502E) 16-bit data acquisition
card.  The data are now processed entirely by a high-speed PC containing a 733 MHz processor.
The program is user friendly and includes provisions for data analysis and system diagnostic
testing in addition to acquiring measurement data.

A small subcontract was let to VTech Engineering (Andover, MA) to assist with the connection
of the detector to the National Instrument data acquisition board.  The completion of the
phasemeter was originally scheduled for month 2 and was delayed until month 6 because of
shipping problems with the detector during transit from Japan, ultimately requiring the delivery
of a second detector.

The data acquisition program is highly versatile containing a full set of statistical and Fourier
transform tools for a full analysis of the data.  A picture of the user interface is shown in Figure
3-2.

The phase detection system used during Phase I results was limited but very useful in obtaining
preliminary results.  It was constructed from available in-house components consisting of a
dedicated processor board performing both data acquisition and analysis combined with a linear
photodiode array detector.  However, the precision of the data resulting from this phasemeter
was limited by the sampling rate of the processor board thus processing only a fraction of the
light incident on the detector.  The new system sports the following improvements:

Ø The integrating detector continuously stores all charge generated by the incident light
signal (except during readout) utilizing the majority of the available information and is a
cooled detector for low noise detection.

Figure 3-2.  User interface for optical phase detector (OPD) data acquisition program.
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Ø Each detector pixel is now individually recorded providing addition diagnostic
information for alignment and allowing for flexible algorithm development if needed.

Ø The data analysis is now performed exclusively in software allowing for a more
accommodating development platform.

Optical Signal Processing Test Results.  As a first test of the optical signal processing and data
acquisition system, a simple optical system was set up to measure intensity.  The results of this
test demonstrated the effectiveness of the optical signal processing technique showing an
increase in S/N by over two orders of magnitude.  This test was performed by constructing a
light shutter from two crossed polarizers and switching the polarization of a single light beam
between the two states using the Displaytech polarization modulator.  A schematic of the
experimental setup is shown in Figure 3-3.

Two data sets were obtained where the polarization modulator was turned off and on,
respectively, for comparison.  Both data sets were analyzed with the same low pass filter (0.5
Hz) but the latter data set employs the common-mode rejection technique.  The results of these
experiments are shown below as histograms of the time series data.  Figure 3-4 (top) shows a
symmetric distribution using conventional filtering techniques only and having a standard
deviation of σ = 69.1 mV.  The plot on the bottom shows data with the same setup using
common-mode rejection; its associated noise is σ = 0.64 mV – a factor of 110 reduction in noise.
(Please note that the x-axis scales for these two plots differ by a factor of 100.)

Polarizer 1

Polarizer 2
(Pendicular to
Polarizer 1)Polarization

Modulator

Laser Detector

Figure 3-3.  Schematic of the optical shutter
for producing intensity modulations
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Phase Measurements.  An experiment was then setup to demonstrate the optical signal
processing with interferometric data.  A Young’s interferometer was configured as shown in
Figure 3-5 and the polarization modulator was inserted into the beam to switch between the two
polarizations.  The two beams were mixed to produce a fringe pattern onto the phase detector
that was analyzed with the new data acquisition program described in the previous section..

Figure 3-4: Top: Histogram of time series data for a conventionally filtered signal.  A 0.5 Hz low pass filter
was applied leading to a noise threshold of σ = 69.1 mV.  Bottom: Same experimental setup but employing
common-mode rejection technique.  The signal noise is now reduced by a factor of ∼110 to σ = 0.64 mV.
The double peak is the result of an unexplained discrete jump in laser intensity.

Figure 3-5.  Schematic of a simple Young’s
interferometer for modulated polarization
measurement using Doubly Differential optical signal
processing technique.

Converging Lens for
Ref-Tgt Beams

Polarization
Modulator

Laser

Beamsplitter

Phase
Detector

11680 

iLi 

-§1120 
3 

■0 906 -0 905 -0 904 -0 909 -0 902 -0 901 
Idc [voWs] 



3-5

Figure 3-6 shows 650 seconds of baseline data collected to establish the stability of the free
space interferometer.  The standard deviation for these data is σ = 1.7 x 10-5 cycles of phase.
These measurements were made with free space optics containing several open paths making it
unnecessarily susceptible to thermal and mechanical perturbations.  Nevertheless, the result was
less than a factor of 6 from the design goal of 10-6 cycles which would correspond to an index
change of ∆n = 10-9.  While this result demonstrates promise, please note that the addition of a
waveguide has the potential to degrade the result because of the additional degrees of freedom.

Prototype Transducer Optical Design.  The SatCon Doubly Differential Interferometer (DDI)
is based on the coupling of both light polarizations into a single-mode planar waveguide (and
their subsequent response difference).  For a fixed grating period each polarization couples into
the guiding layer at a different angle requiring a more complicated optical configuration to
accommodate the separated optical paths shown previously in Figure 3-1.

The configuration shown in Figure 3-1 is fine for initial testing however a better design that is
cheaper, more compact, and more sensitive is possible.  The transducer configuration can be
simplified from a total of 12 to 7 components by collapsing the two polarized beams into a single
beam as shown below.  This configuration is identical to that of a simple Mach-Zehnder
interferometer with the addition of a polarization switch.

This simplification is accomplished at the expense of a more complicated I/O grating coupler
design for the waveguide.  One possibility is a matrix of two gratings with different periods, one
for TE and one for TM.

Conceptual Design.  A concept for the transducer portion is pictured below in Figure 3-7.  It is
desirable to keep the thermal and mechanical mass no larger than necessary to minimize the
effects from temperature and vibration.  It is desirable that all components be formed into an
integrated monolithic component.   This could be made out of plastic depending on the
sensitivity requirements.

Figure 3-6.  Doubly differential interferometric data
collected with a simple Young’s interferometer and a
polarization modulator.
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Preliminary Double Differential Measurements.  Shortly after receiving sample waveguides
from GTRI (Chapter 10, Waveguides and Flow Cells) an attempt was made to use these devices
in the doubly differential configuration.  A polarization modulator was inserted into the beam
path after the beamsplitter to switch between the two polarizations, and the respective
polarizations were spatially separated and independently coupled into the waveguide as
described by Figure 3-1.

The objective of these experiments was to determine the utility of the GTRI waveguides for use
in ‘Doubly Differential’ measurements.  The GTRI waveguides were optimized for only a single
polarization - the TM mode, however adequate throughput was obtained for TE mode excitation.
More importantly the grating and cuvette structures were confined to a 1 mm width and
scattering off the edges of these structures significantly distorted the fringe pattern degrading the
results.  This problem was further aggravated by alignment errors from the large number of
optical components used in the demonstration.  Please note that the results presented in Figure 3-
8 demonstrate the waveguide’s operation in air.

Approximately one hour of data were collected.  Thermal equilibration occurred during the
initial 25 minutes followed by stabilization.  This is not surprising because of the large number
of opto-mechanical fixtures involved in these initial experiments.  An expanded view of the last
1000 seconds of data are shown in Figure 3-8 right.  The calculated standard deviation for these
data is σφ ∼ 9.8 x 10-5 cycles – a factor of 60 enhancement compared with the ‘singly
differential’ data shown in Figure 10-7.

While these data are very encouraging in meeting the ultimate goal of 10-6 cycles, care must be
taken in interpreting these data because of the marginal S/N of the actual fringe pattern from
which these data are obtained.  It is the expectation that the SatCon waveguide geometry, once
fabricated, will provide significantly improved fringe patterns from the reduction in scattering,
ease in alignment and thus experiment execution, and high confidence measurements.

Figure 3-7.  Schematic of concept prototype for optical transducer.  Polarizations are
contained in a single beam reducing the total number of components from 13 to 8.
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Summary.  The optical setup supporting the doubly differential interferometer was constructed.
A phasemeter using a cooled detector was built along with a data acquisition system having
analysis capabilities.  The polarization based common-mode rejection technique was tested
confirming the enhanced sensitivity of the optical signal processing technique.  The initial use of
the same I/O grating for both polarization modes required the independent alignment of the two
polarizations.  This optical setup can be collapsed into a simple configuration using a single
coaxial beam with the development of multiplexed gratings.  Finally, waveguide provided by
GTRI were used to obtain doubly differential.  These measurements were compromised by
severe light scattering off of the edges of the narrow grating and cuvette structures.  We
anticipate that this problem should be minimized by the larger structures in the SatCon
waveguide design.

Figure 3-8. Preliminary Double Differential Interferometer Measurements .  Doubly differential interferometer
measurements were obtained using a waveguide provided by GTRI.  In this experiment the waveguide was
exposed to air and no flow cell was introduced into the setup.  The S/N of the interference pattern on which these
data rely was compromised by the significant scattering of the propagating guided TM and TE light.  A baseline
of σφ ∼ 9.8 x 10-5 cycles was established after thermal settling.
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Chapter 4 : Waveguide Development

Overview.  A key task in the development of this biosensor remains the design and fabrication
of the single-mode Si3N4 waveguides that support both TE and TM excitation modes.  The
Boston University group, under the direction of Professors Bennett Goldberg and Selim Unlu,
were tasked with the design and general development of these waveguides.  Three design cycles
and two fabrication cycles for these waveguides were undertaken.  As with prior attempts, the
last fabrication cycle, subcontracted to Optical Switch, Corp, was discontinued due to delays,
and consequently the SatCon waveguide design has not been successfully fabricated to date.
Intermediate laboratory experiments were also planned using prism-coupled waveguides
fabricated by the BU group.  As is described below, this task was abandoned after no visible
success was reported.  However, waveguides were eventually provided by Dr. Daniel. P.
Campbell at GTRI and were used to provide the first laboratory results in a single differential
mode.

In addition to the Si3N4 work, the Silicon-on Insulator work remaining from the Phase I program
was continued as part of the Phase II effort, but again had to be abandoned because of no visible
results reported by the BU group.

Completion of Silicon-on-Insulator (SOI) Measurements. Refraction measurements on the
SOI waveguides produced during the Phase I effort were continued using the earlier setup at
Boston University.  These waveguides were designed by the BU group, however, they were
unable to implement a working device by the end of the Phase I effort.  Although the thrust of
the optical design was changed from SOI to Si3N4,, it was the intent of SatCon to complete the
characterization of the SOI waveguides with the assistance of the BU group.  To this end:

1. The BU setup was adapted to accommodate the introduction of the fiber optics
needed for these experiments.

2. Two of three polished SOI waveguides were attached to glass mounting blocks
designed to support the waveguide.  Unfortunately, both waveguides fractured
during removal from the gluing jig due to inadequately cleaned gluing surfaces
that prohibited the uniform adhesion of the silicon surface to the glass.  The third
and final polished SOI waveguide was successfully glued to the mounting block
and prepared for final measurements.

Regrettably, Boston University reported significant difficulties guiding light through the SOI
waveguide.  No explanation for the difficulty was found.  Because this experiment tied up key
equipment that was needed for other optics development tasks and for testing with prism-coupled
waveguides, SatCon was forced to abandon this task to focus on obtaining intermediate data with
prism-coupled waveguides.

Design of Single-Mode Waveguides.  The design report submitted by the BU group is attached
at the end of this chapter as Appendix 4-C along with the original design specifications.
Numerous simulations were performed, as described in detail within the report, examining the
sensitivity of the evanescent field distributions and the coupling of the grating.  In short, a design
was created that permitted the coupling of light in and out of the waveguide exclusively with a
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1st order diffraction grating.  This is desirable because all of the guided light is coupled into a
single order instead of distributing it among many orders providing for good throughput.
However, this requires the use of gratings having sub-micron dimensioned periods.

The final dimensions of the design provided to Optical Switch are also found in Appendix 4-D.
The most important modification besides changes to the overall size is the extension of the
grating to cover the entire lateral dimension to add more flexibility in aligning the incident laser
beam and to avoid scattering.

Waveguide Fabrication.  A significant challenge for this effort was the fabrication of the grating-
coupled waveguides.  Si3N4 and SiO2 are common materials for deposition available at every
fabrication house, however, sub-micron spatial features such as the 411 nm grating period
required for 1st order diffraction coupling and good throughput, are atypical.  Standard
commercial fabrication houses are limited in capability to critical dimensions of 1-2 µm relying
exclusively on the exposure of photolithographic masks.  Additionally, many vendors contacted
during 2001 were unwilling to accept any work outside of the telecommunications industry.

Eventually, a contract to fabricate the grating coupled waveguides was negotiated and let to
Standard MEMS Inc. (Burlington. MA), a large and well established MEMS fabrication house.
SMEMS would be responsible for all deposition tasks, gratings would be made at Cornell
University using deep-UV exposure, and the overall coordination would be handled by SMEMS.
Other grating fabrication methods were examined in addition to UV exposure and rejected:
Direct e-beam writing (available at Penn State University) was prohibitively expensive and time
consuming; Holographic exposure was proposed by the BU group but rejected because of lack of
experience.

After much discussion, the group at SMEMS was instructed by their management to default on
the SatCon contract and on other development work to focus on projects involving higher short-
term income, to address their apparent financial crisis.  Recognizing the predicament they had
created for SatCon, SMEMS arranged for the contract to be transferred to the Sarnoff Corp
(Princeton, NJ).  Sarnoff does not have a relationship with Cornell and therefore gratings were to
be fabricated in-house.  Only a 1 µm period was possible at Sarnoff and 2nd order diffraction had
to be considered.  The details of a new contract were negotiated and Sarnoff began work after a
delay of many months.

Sarnoff Effort.  Sarnoff was given  the BU specification and began working it immediately.
After solving compatibility issues between the quartz wafers and the Sarnoff equipment designed
for silicon wafers, a fundamental problem was encountered.  The waveguide specification (Table
4-1) called for LPCVD nitride and oxide deposition on quartz.  However, the LPCVD process is
not thermally compatible with the quartz, and cracking of the films was persistent caused by the
difference in thermal expansion coefficients.

After further examination, the nitride deposition process was changed to PECVD and a lower
index of refraction. It is noted that while LPCVD is compatible with pure silicon substrates,
PECVD is the standard process used with quartz to ensure thermal compatibility.  Additional
modeling was performed by the BU group and their report is attached as Appendix 4-A at the
end of this chapter.  In summary, changes in sensitivity from the lower refractive index were
expected to be insignificant, however, related decreases in throughput resulting from different
grating coupling angles were expected to be as high as a factor of two.  Coupling efficiencies
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were eventually calculated to be 0.2 % and 0.06% for TE and TM respectively, for the 2nd order
grating.

Waveguides were delivered by Sarnoff in early February that met the SatCon revised
specification.  A photograph of these devices is shown in Figure 4-1.  These devices were
evaluated in both BU’s and SatCon laboratories and the values predicted by the BU model were
confirmed.  It was ultimately found that the low throughput of guided light was too difficult to
conduct experiments with and a new design iteration was needed.

GTRI.  As an intermediate solution Dr. Daniel P. Campbell at GTRI was contacted and provided
several working waveguides optimized for TM mode excitation.  These waveguides were
fabricated with PECVD nitride (n=1.85, d=166nm) on BK7 glass substrate.  The grating was
etched directly onto the substrate and had a period of 720 nm and a depth of 70 nm.  These
waveguides had I/O coupling efficiencies of approximately 3 percent, respectively, and were
used to obtain the laboratory characterization data described in Chapter 10: Laboratory
Characterization.

Optical Switch Effort.  The fabrication of the SatCon-design grating-coupled waveguide was
recently contracted to Optical Switch Corporation of Bedford, MA.  These waveguides were
designed to fit SatCon’s flow cell form factor as shown in Figure 4-5 and to employ sub-micron
dimensioned 1st order diffraction gratings relying on the design parameters of the demonstrated
GTRI waveguides.  The needed sub-micron structures for this design were to be created by
directly exposing the photoresist using near-field holography.  Optical Switch’s processing
capabilities are unique, as standard commercial fabrication houses are typically limited to critical
dimensions of 1-2 µm relying exclusively on the exposure of photolithographic masks.  Under
contract, Optical Switch performed supporting modeling calculations, designed and produced
peripheral fabrication photomasks, and initiated in-house testing of their deposition process to
determine if they could produce the target refractive index of the nitrite.

Based upon this work, several risks associated with the fabrication process were identified:

Figure 4-1. Photograph of Sarnoff Waveguide Devices.
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1. Optical Switch can manufacture Si3N4 at indices from 1.90 - 1.95; but n = 1.85 is not
easily obtained,

2. Special techniques are required to obtain critical dimensions as small as 411 nm, and
3. The modeling results for the grating efficiency using GSOLVER do not support the

strong coupling seen for the GTRI parameters suggesting that i.) the model is not reliable
or ii.) the GTRI parameters are not reliable.

Additional modeling confirming the earlier results of the BU group was performed as well.
Based upon this work two potential designs were possible:

i.) Use the same design parameters claimed by Campbell1 at GTRI to replicate
already proven waveguides (in spite of the incompatibility of the GTRI
parameters and the modeling results), or

ii.) ii.) Implement the BU design parameters for a larger index nitride layer and
smaller grating period.

A summary of these key parameters is given in Table 4-1.

Design
Parameters

Si3N4

Refractive
Index

DEPOSITION
LAYER

THICKNESS
(nm)

GRATING
PERIOD

(nm)

GTRI 1.85 166 720
BU 1.95 177 411

The inconsistencies and uncertainties mentioned above, the associated risk of once again
fabricating unusable waveguides, and the fact that the efforts were over a month behind schedule
all contributed to a decision to discontinue the Optical Switch contract rather than repeat the
history of the prior contracts.

Intermediate Data: Prism-Coupling.  The original schedule planned for intermediate data to be
obtained while the more time-intensive development of the optical grating coupling waveguides
was being pursued.  This would allow integration of the different biological, optical, and fluidic
components to gain experience and assess the performance of the biosensor.  An excellent
method for obtaining preliminary system refraction data is to couple the light into the waveguide
using a prism.    While the coupling method is very efficient, it requires the careful alignment of
additional optical components that clutter the surface interfering with the placement of a flow
cell.

Prism Coupling Effort.  The Boston University group was tasked with the design and fabrication
of prism-coupled waveguides for this intermediate data.  In summary, a prototype waveguide
accommodating both input and output prism coupling was designed and fabricated.  The optical

                                                
1 Daniel P. Campbell, Georgia Tech Research Institute, Private Communication, March 2002.

Table 4-1.  Summary of Waveguide Design Parameters
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setup for obtaining intermediate biosensing data was designed, components purchased, and
constructed at SatCon.  However, after significant effort, the Boston University group reported
continued difficulties with their fabrication process and ultimately severe difficulty guiding light
through the Si3N4 prism-coupled waveguides;   Consequently, the experiments were unable to be
conducted.

After a thorough review, SatCon requested that Boston University abandon this task to focus on
their final task Optical Surface Desensitization in a timely manner and within budget (see
Chapter 9).  A detailed report of the BU effort is attached as Appendix B:  Report on Prism
Coupling Work October 14, 2001.

Wafer Processing at Boston University.   Si3N4 wafers were obtained by the Boston University
group for additional processing at BU to support the essential laboratory effort, prism coupling to
collect intermediate data, as well as the feasibility demonstration of the optical surface
desensitization for the ‘optical’ suppression non-specific binding.

An order for the fabrication of several Si3N4 wafers was placed to the Microfabrication
Technology Laboratory (MTL) at MIT by the Boston University group.  The guiding layer
geometry and the corresponding thicknesses and refractive indices specified by BU were
identical to those used in waveguides produced to obtain the Phase I data taken by SatCon.
Specifically, the Si3N4 guiding thickness was 166 nm with an index of 2.05.  However, the one
crucial difference was the Si3N4 was fabricated by LPCVD deposition in the earlier wafers
whereas the newly requested wafers were to be deposited by PECVD.

Figure 4-2 is a plot (courtesy of Sarnoff Corporation) of the optical loss per unit distance
propagated from PECVD Si3N4 layers having different refractive indices.  For example, after
propagating 7 mm the optical transmission is 96% (n=1.9), 12.9% (n=2.0), and 0.1% (n=2.1).
This is because the larger indices are obtained by an increase in the amount of silicon that
absorbs light in the visible wavelength region.  Thus, for a total propagation length of 1.2 cm or
greater, as is the case for the SatCon experiments, nitride with an index of 2.05 would result in
unusable waveguide devices having transmission less than 1%.  This is consistent with the
results from BU.

It is the opinion of SatCon that the failure of the prism coupling and optical desensitization
experiments is the result of improperly specified Si3N4 wafers rendering them opaque to visible
light.  This claim remains still unconfirmed by the BU group.
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d Si3N4 optical waveguide capable of supporting TE and TM single-mode excitation was created.
The sub-micron grating period required for 1st order coupling and high throughput put stringent
specifications on the fabrication process limiting the number of possible vendors.  Second-order
gratings were successfully produced by Sarnoff Corp but had poor light throughput.  A
subcontract to fabricate the SatCon design was let to Optical Switch Corp., a leader in
holographic lithography for sub-micron features, but it was ultimately discontinued due to delays
and unresolved risks.  To date, no usable waveguides of the SatCon design have been fabricated,
thus preventing the integrated demonstration of the double-differential approach.

Intermediate ‘doubly differential’ data were planned using prism-coupled waveguides, however,
these experiments were not able to be conducted because prism-coupled waveguide devices
weren’t able to be successfully fabricated by the BU group.  It is believed that this is the result of
improperly specified test wafers by the BU group.

Grating coupled waveguides optimized for only TM propagation were provided by the Georgia
Tech Research Institute to obtain intermediate data.

Optical loss curves for plasma CVD SiN
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Waveguide Sensitivity and Grating Coupling Angle 
Determination for Different Values of the Refractive Index of 
Silicon Nitride 

These simulations predict the effective indices, the sensitivities, and the graling coupling 
angles for a Si02-Si:iN4-Si02 waveguide and graling with period 1.0 microns. Results for 
ihe four different SiN index values listed below are compared. 

Layer Index: 
Si02 L465 
Si3N4 1.9,1.95,2,0,2,05 
H3O 1.333 
Biolayer 1.333. 1338 for sensitivity calculations 

Sensitivity Calcutsdons 

Effective indices were determined using BeamProp, from RSofl, Inc. for a waveguide' 
with a 10 nm timfomi btolayer and water cladding. The indices were used to compute the 
TEOandTMO mode sensidvities, defined as the change in the effective inden of the mode 
duE to a change in biolayer index (i.333 -> 1.338), divided by die change in the biolayer 
jndes. The plots on the following pages show TE, TM, and differential sensitivity as a 
function of guiding layer thickness, for fom^ possible SiN indices. The last plot compares 
the differential sensitivities from the first four plots. 
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DifferenEial Sensitivity vs Guiding Layer Thickness 

0 025 I—r 

n_SiO,:   1«5 

100 T?D 140 160 ISO 

Guiding Layer Thk;Kne»s (nm) 

Figures 1-5- The plots sbow iJicmode and dirTerenlial sensitivilie^i as a Tuncdonof 
guiding |ji\cr Ihickne&s- The index oF SiN u^^ is displayed on the plots- In general, the 
^ensili\il> dt^reases as the index decreases and the optimal guiding layer thickness 
hhlFt^ io the right. 

The Fonowing table compares ihe differenlial sensiliviiy ai ihe opiimal waveguide 
thickness to the sensitivity at 166 nm thickness (the latter corresponds [o ourcurreni 
waveguides). The table indicates that the sensitivity loss is less than 2.2% for the lowest 
index SiR 

Refractive 
Index of 
SiN 

bpTimal 
Guiding Lyr 
Thickness (nm) 

Sensitivity at 
Optimal 
Thickness 

Sensitivity at 
Thickness = 
166 nm 

Sensitivity 
Ratio 

1.9 182 0.01550 0.01516 97.806 
1=^5 173 0.01771           0.01767 9^.774 

2 164 0.0199B          0.01997 *>J,g50 
:.os 160 0,02224!          0,02208: 9<?.28l 

Table I. Opiimal guidlne layer thickness. difTcrential sensitivity at (he optimal 
lhidUKSS,Hnd compun^on with sensitivity at thickness = 166 nm. 
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Grating Coupting Angies 

TTie graling coupling angles were calculaled from the values of the waveguide mode 
effective indices. The lylter were obtained by simulalion for a three layer SJ02-Si3N4- 
Si02 waveguide structure (this differs from the sensitivity waveguide model because in 
the grating region, the guiding layer is surrounded by thick layers of silicon dioxide) for a 
guidmg layer thickness of 166 nm and grating dq>th of 20 nm, and 25 nm and a grating 
period [ micron, for hghl at wavelength 632.8 nm. The index of Silicon nitride was 
varied from 1.9 to 2,05. 

Coupling Angles for 15 nm 
eratlne d^iUi 

Coupling Angks fbr 20 nm 
graling deplh 

Nitride Index Coupling Angles (deerees) tHitride Inden Coupling Angles (degn^es) 1 
TE TM 1  TB TM 

L9 23.2S 19.06 1                1.9 23.47 19-26 
1.95 25.63 20.45 1,95 25.85 20-69 

2 28.13 2L94 2 28.38i 22-21 
2.05| 30.79 23.52 2,05 31.07 23.S4 

Table 2: Coupling angles In air Tor grating coupling mtothe TEO and TMO waveguide 
modes for Iwu difTerent ^aliug dep^s, and grating period, A^ 1 ^iin. 
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These simuliiliDns predict [he coupling angles juid input coupling efficiencies for the 
waveguide/graling syscem described in the first section by simulating the behavior of a 
Gauasmn beam (beam diameter 6 microns) incident on a waveguide/gradng slructure- 
l^e simulations arc done with Fullwave, from Rsoft, which iieraiively solves Maxwell's 
Equations lo determine the electric and magnetic field strengths, as a function of time, 
within a given spatial area. The index of refraction of the simulation space can be 
specified arbitrarily as a function of position. 

Simutation Setup 

The simulation space consists of a 15 micron x 15 micron area in the x-y plane. The 
features in the space are assumed to have infinite extent in the third (z) direction. The 
waveguide is aligned along the x-axis in the center of the simulation space. The layer 
profile lies along the y-axis. and consists of (with mcreasing y). the BOX layer, the 
guiding layer, the grating/guiding layer, and an oxide cladding. The grating/guiding layer 
IS a 25 micron thick layer widi alternating oxide and SiN segments along the x-direction- 
The length of each segment is 05 microns, so that the grating period is 1 micron, A 
Gaussian light beam (diameter 6 microns) is incident framthe negative y limit of the 
space, directed towards the waveguide at some angle. 9, to the y axis (6 = 0 conEsponds 
to normal incidence on the waveguide / grating). The initial x-posidon of the beam is 
adjusted according to the angle of the li^Csothal light striking the waveguide is centered 
on the grating. Light coupled into ihe waveguide in the grating region propagates along 
the waveguide in the +x direction. The amount of light power reaching the +x end of the 
waveguide is recorded throughout the simulation until a steady state is reached. 

Simulation Results 

Simulation results for different input angles, guiding layer refractive index values, 
and polarization are shown in Fig, 6, Fig, 6 is explained here and in the figure caption. 
Each curved hne corresponds to one guiding layer index value and one polarization 
(either TE or TM). The line indicates the strength of the light detected at the +R end of 
the waveguide, as a function of the angle of the incident coupling beam, once a (quasi- 
)sieady state is reached J. The four higher, brighdy colored lines correspond to're 
coupling for each different guiding fayer index, as indicated. The four lower lines are the 
same for TM coupling. The number of data points is limited due to time constraints; each 
data point requires one half-hour of simulation time. 

Following Fig,6 is Table 3 listing the angle and amplitude of maximum coupling for 
each guiding layer mdex /polarization. In general. TE coupling is a factor of three to 
five greater than TMcoupling* and also m general, the amount of coupling increases with 

[iL fact, the 'sT^ady' slace o^jllalca slightly around a canstani value, due to resonance efTectfi wiihinthe 
wavegiude. The dala points represeni the average over severo) p«nodB of the oscillation once the qudsi- 
steady stale is reached. 
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increasing guiding ]ayer imka. For both TE and TM, the coupling magniiude is a factor 
of-2.1 greater for nsihj=2.05 as compared lonsirJ=l^- However, this must be weighed 
against the loss due to scattering in waveguides with high index SiN, The table also lists 
analytically calculated angles for maximum coupling, in the 'Previously Calculated 
Angles' column, since there is some discrepancy between the analytic and the simulation 
results.^ (this necessitated a second round of simulatons, because the angular ranges in 
the firs! round were dictated by the calculated, analytic values) 1 believe the analytic 
results for the angle to be the real coupling angles. More simulauons could be done to try 
to improve Che agreement. The coupling amplitude results are discussed further in the 
Table 3 caption. 

^ This is imc^pcclcd.bcCdiLKlhcanalylLCdndsJnijlQted angles in earlier work involving firsl-order 
coupling throitgti ,'vmall grating periods wcie in close agiccmcnl. The diHzcponcy may be due to The fact 
Thai for a I micron graling, the inpkU beam (beam diameleF6n]icrons) docs not refraci from as many 
pcnod&Gf ihc grating, OS ir uouldfcrra smaller gralji^, aiid ihcrf fore does no) approach the behavior of a 
plain wave as closely as in previous simulations. 
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Relative Forward Coupling Power vs. Input Beam Angle 
for Various Guiding Layer Refractive Index Values 

0.005 I—I—r—1—I—T—I—I—I—[—T—]—1—t—,—I—I—1—I—I 0.005 
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Angle in Air of Input Beam to Waveguide Normal 

F^urefi. Eac^mirvcd line i:aiTf^ponds lo a single guidinE laytr indei wahie and on? 
polariullon tcllhcr TE or TM), 1 lie data rcprfs^^ts tlie amount of light detected at thf -Hxend 
of tbe wuveguide, as a functioa of Ihc ai^lE uf the incident beam. The four higher, hrishtlf 
colored line.s cnrrei^pDnd (o TE coupling for D=1.9, 1.9S, 2.0 and 2.DS, TroiD left Lo right, 
respectively. The four lo%ver lines correspond to the same for TM coupling. 
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Angle (calculated and simulated) and Amplitude of 
Maximum Input Coupling 

Previously 
Calculated Angle 

Simulation- 
Angle Result 

Power Delected In 
Waveguide 

Power Relative 
to n=2.D5 

Index TE TM TE TM TE TM TE TM 

1.9 23,3 19.1 24,3 21.1 0.00184 Q.00Q4Q8 0.46 0.46 
1.95 25.6 20.5 27.6 22.5 0.00203 0.000646 0-51 0-74 

2 26.1 21.9 30.1, 23.9 0.00324 0.000737 0,81 0.S4 
2.05 30.8 23.5 31.8        25.5 0.00399 0.000875 1 1 

Table 3- Angle and ampliludt of maviinuDi coupling for rach guiding layer indf x / potarlzalioD. In 
gFuera], TE coupling is a factor nf three lo Tiie greati^r than TM coup ling, and also in general, the 
amount of cnupling increases uJthincrfasing guiding la>erindvx. for both TEuidTM, the 

CDiipltngniaf:ai(ucleiSBfaclorof-2.l greater for nqtv='2-l^^^ compared ID ns,M='-^^ 'Previously 
CakuJaled Angle' refers to die analytically calculated result- Thf values for power indicate ifSuhA 
for a total inrirCent hpani HUM iinniialJEed to 1- Due lo Ihe timiled scale of the ^iuiulations, the limit 
on the dJauKler of the input beam, and ifu^coupling from Ihe grating, this number shnuld not be 
Uifeipreled as Iht cuupling efficiency. Far maxirmini coupling efficiency, the beam must slrlhc the 
grating at an optimal posillon near tin- t^rating tifi-t Cin the -i-\ direction) to ayoid ouicoupling. The 
sEnmlnliun re^ullA obtained are nonethelcM useful far compaiifig coupling strengths fordlfFer«nl !jiN 
indices and polarizations. 
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BU Prism Coupling Repon 

1 Introduction 
This repon describes the BUprisni coupling effon, beginning wilh our work on SOi 

waveguides in Section 2- Section 3,1 describes the fabrication of silicon nitride waveguides, 
including mask design, wafer fabrication, and ^^avcguide processing, and the obstacles 
encountered with each. Section 3,2 describet experiments and odker work to improve and 
characterize prism input and output coupling, and lo establish through-coupling using two prisms. 
Secticai 4 describes the modeling and theoretical work done to inq)lement prism coupling, 
including [he determinaiit^ of the coupling angles, and the optimum spacing between prism and 
waveguide. The appendices contain supplemental iJiformalion including diagrams of the 
experimental setup and mechanical pnsm mount. 

2 Prism Coupling of SOI Waveguides 

2.1    Review t>f Prism Coupling Setup 
Light from a 1.3 micron fiber coupled (FQ laser passes through a polarization-sensLlive beam 
splitting prism. The transmitted and reflected beams, with polarizations corresponding to the TM 
and TE waveguide modes, respectively, strike the top surface a silicon prism, at such an angle 
that the internal beams couple via their evanescent fields lothe two guided waveguide modes. 
The optical setup is shown in Appendix A   In outcoupling, the process is reversed, figure I 
shows a diagram of the prism and incident or outgoing light. Tl^ lines labeled with a polarization 
(TE and TM), represent the center of the beams described. The lines labeled TE 2 and TM 2, 
were each observed in separate 4?ufcoupling experiments as the TCKnil of n^ultjpie internal 
reflections wiihin the prism, as depicted in Figure I. In outcoupling, the TM beam reflects off of 
the upper prism stuface as shown by the dashed line and exits the prism at angle ainbost parallel to 
the TE beam. The unexpected result of this geometiy was that we were able to use a single 
(mixed polarization) input beam striking the prism at approximately the angle for TM coupling to 
simultaneously couple TE and TM light into the waveguide. This technique could be used in 
future work to eliminate noise in an inierferometric measuiemsnt caused by using two different 
optical paths for incoupling. 

Appendix 4-B - 3 



B\) Prism CciupLLiig Repcui 

IE? ii<i ?in37i=o.aaTJ7s=^.i 

7Ci<J9g 

Si Prism 
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F^re I. Diagram nrprismnulput coupling in SOI expcrimenis, TbebcanislaheTcd TEandTMare 
tht prlmarv coupling beain:> for Ihe two waveguide modeb.   Thf iiaes labeled TB2 aad TM2 are tbe 
r€sull of muJiipte reflectioiifi mthin the prism of Uie primary bcBms^ as depicted for the TM 
polariiation- Th« numbers stand for (he fracUua i>f po>ver Irummitled tbrougb the upper mrface. 

22    Additions to setup for SOI \vork: 

The SOI waveguides used differed from silicon nitride waveguides in thai the substrale and 
guiding layer were both made of a transparent material (silicon). Thus, hghl measured at the 
output facet was a combindEion of the guided light in the waveguide mode and light passing 
through the substralCr In order to distinguish the two, and maximize the guided It^t, we imaged 
the output facet of the waveguide with an IR camera attached to a video uKmitor. 

2-3    Summary of Prism Coupling Data; 

We took three sets of data to characterize prism coupling. The first was the maximum overall 
coupling efTLclency for TE and TM, respectively. The&e measurenients were made by placing a 
light meter at the output facet of the waveguide, shining beams on the pri*;m at the correct angle 
for coupling, and collecting the transmitted light. A negligible amount of light waa [ransmittpd 
through the substrate for optimal coupling, Theamount of light at the output facet was compared 
to the amount of light in the coitesponding CTB or TM) input beam. The second type of data 
recorded was couplijig strength as a function of input angle, Ptism coupling efficiency drops 
sharply on either side of the optimum coupling angle. From the measured angle of maitimum 
coupling, we calculated the efffctive indices of the TE and TM waveguide modes, and thus the 
width of the silicon-guiding layer. Since each mode provides an independent measure for the 
guiding layer width, we were able locompare the results to confirm dw consistency of our 
theoretical model. The third type of data was coupling strength as a fiinclion of beam position. 
The input beams must be positioned so that inside the prism they strike close to the back 
(vertical) prism wall, to avoid subsequent out-coupling of the light as it travels through the 
waveguide. Translational motion of each beam was decoupled &om angular variations by 
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moving ihe rrurror parallel Loiheinkial beam direciion(boiizontally for TM, vertically fOT TE; 
see Appendix A). 

24    Coupling efficiency measurements or SOI: 
Coupling was maximized by opiimizing the angle of incidence of the two polarized input beams, 
and the height at which they struck the pnsm. The input beam dianieler was adjusted by fiber 
launching the input laser through vaiions objective lenses ot different focal lengths. Weal^o 
varied Ihe beym divergence by varying the separation of the fiber facet with respect to the 
effective focal length of the objective. Using our lens system^ these two parameters are not 
completely decoupled, and losses occurred due to con^nents of the beam which were no longer 
directed at the critical angle for prism coupling. 

Maximum coupling was achieved with a slightly focused beam and a 40X Objective. The 
coupling efficiencies were \% for the TE polarization^ and U. I % for the TM polarization. 
Coupling afficieiicy was measured by comparing Ihe total light ouiput at Ihe waveguide fecct with 
the intensity of the (TE or TM) beam befoie striking the prism. 

We believe the low efficiency of the TM coupling is due to a non-oplimal air gap width between 
the prism and waveguide guiding layer. TM lighicouplesbetween the prism and waveguide 
much more rapidly [han TE light, and therefore^ unless ihe input beam h very intense over a £hoH 
distance (i.e, li^htiy focused), the rate of TM light coupled backout of the waveguide is 
comparabTe to the Jighl in-coupled from the beam, A larger air gap slows the coupling and allows 
more light to build up in Ihe guiding layer. This idea is supported by the fact that focusing the 
input beam to a more intense spoi increased TM efficiency   In addition, an error was made by the 
group who provided the SOI wafer and prism coupling area. This error resulted in incorrect gap 
spacing, much less than we had calculated and requested. 

We attempted to compensate for this error in several ways^ (l)by changiiLglheinpulbeam 
diameter, and (2) by modi^ing the prism setup. For (2), we placed the b^k of Ihe prism on a 
silicon dioxide 'step^ that we etched out of the wall of the prism cuvette. In thi^ configuration, 
Ihe prism gap varied from aero a! the front of the pnsm to about ^00 nm at the back (a wedged 
shape). However, aiiempis to increase TM coupling by varying the position of the input beam 
with respect to the front and back of the prism were unsuccessful. The probable reason for this is 
that prism coupling relies on the coupling region (i.e. die prism) having a sharp cutoff when the 
maximumamount of light has been coupled into the waveguide. This is why the input beam is 
nojmally positioned to intersect the very back edge of ihe pnsm ai (he polm of maxitnum beam 
intensity. This prevents light from coupling backout of the waveguide after maxunum coupling 
has been achieved. Wc had hcqicd that the slope of the lower facet of the prism in the wedged 
configuration woufd be enough height variation to prevent out-coupling after the termination of 
the input beam. This appears not to be the case and the additional coupling gained by reducing 
the gap height was not maintained by light in the guiding layer. As a result, and in the inteaest of 
completing the expenment, we decided to proceed with fiber end-coupling. The resuhs and 
technique aredescribedbelowafter further discussion of pnsm coupling. 
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2^    Coupling as a fuiH^tion of position; 

Relative coupLing strength was measured as a function of posidon. TheTM beam passed Ihrough 
a beam splitter and traveled horizontally towards a high-refleclivity mirror (see Figure 7, 

Appendix A). By translating the 
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mirror horizontaliy along the beam, 
ihe position of the TM beam on The 
prism surface was adjusted. The 
TE beam was reflected vertically 
ftom the beamsplitter to another 
mirror. The TE minor was 
translated veitically to change the 
position of Ihe beam OD the pnsm 
surface. The data from these two 
experiments is displayed in Figure 
2 to the left 

2.6    Coupling OA H function of 
Angle: 

Relative coupling strength was also 
measured a« a function of angle. 
Fine adjust micrometers on the 
mimns were used to adjust the 
angle. The TM graph shows some 
asymmetry due to the secondaiy 
reflections inside the prism of Ihc 
TE input beam. The optimum 
angle for secondary TE coupling 
(after three reflections inside the 
prism) is slightly larger than the 
f^irruim angle for TM coupling. If 
we qhine a beam of mixed 
polarization at the angle for TM, 
we gel coupling of both 

F^re 2, TE and TM coupling as a 
fuDcfion af pcslllDD aloDg Ibe y and 
It axis, rfipertively. 

polarizations simultaneously. This 
effect can be seen in the TM plot m 
Figure 2. Although the light in the 
TM input beam passed through a 
polaiiMT, trace amounts of TE, 
which couples with a higher 

efficierKy, remained. The points to the left of the maximum are artificially raised as a result of 
strongerTE coupling at these pojjfjofts; the optimum position for secoridary TE coupling is 
higher on the prism facet than iheoptiiuumpositionforTMcoupling, due to the birefringence of 
the prism material. When the beam strikes the facet slightly above the middle of the prism, a TM 
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maximum is observed. If Ihe beam is iranslated towards ihe top of the prism, a TE maximum i:^ 
observed. TE and TM light ate distinguished by mounting a polarizer m from of the IR camera. 
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Figure 5- Coupling cfTicieiiry as a functioii af inpul btam annU:- Ste Icxl for details. For both TE aad 
TM, the half width of the cnupting curve ls-20 idrad. If i^ likely that with further optiiniTation of 
the air gap width bet^ttn Ibe pri&iD and wav^uide^ the peak HOUM beeoine sharper aDd tbt 
couplii^ efficiency much greater 

2.7    Conclusion 

SOI prism coupling was hampered by low coupling efficiencies, particularly fwihe TM 
polarizalion. as described inseciion 2.4. Due to an eiror in wafer fabrication at MIT. the gap 
spacing in the prism region was less than expected, and attempts lo compensate for this were not 
successful. Because of this, we chose to focus on fiber cndcoupting instead of prism coupling for 
SOI, 

Append LK 4-B - 7 



BU Pnijm Coupling Rcpurl 

Figure 4. PrEsm coupling i^xprrimenlal ^clup.  \n St>] uBieE"'''^ "'^'^ richl-^nElc prism are mounfed 
on the adjuslublc sliigc 

Coupling Angi* In Priam Msgfsea) 
MsaaurBil TheorellDal 
IE TM TE TM 
36 ♦^ 5        55 *!- 5 34 53 

Overall Coupling EKlcJencyr 
M«asur«d ItfflBl 
TE TM TE TM 
-30%        -r 01% eo% J0% 

Tabk IT Ideal uud Me^uured coupling iiii^vs and coupling efftcienciK (or SOI. 

3   Prism Coupling of Silicon Nitride Wavogaides 

Pri&m coLipting in nitride waveguides required a high index malerial ihat does noL absorb vLsibk 
Ughl (as silicon docs). We used rulile glas^ pnsms and ihc same cjt^penmcnlal selup. minus [he 
1.3!^ I^m flbei-coupled Jaser, Lind adding a low power HeNt laser (wavelength = 63Z.S nm) lo 

produce a coljimatcd visible Gaussian heym. We also fubricaccd new SiOr-SiiNi-.SiOn 
waveguides wiih ihe name shape nntt tcdiufes as ihe SOI waveguides as described below. 

3,1    Waveguide rabricalion For prism coupling experiments 

We fabricaled silicon dioxide - Filicon nilnde - silicon dioxjde layers on doped silicon wafers al 
MIT according lo our design specilicaiions- Tbeae include wdlers wuh suindai'd guiding luyer 
thickness (166 nml, as well AS thinner guiding layers (103 nm, 97 nm] for lesling surface 
dcscn^iri/ution inof covered in ihi^ report) of Thin waveguides. Two runs of wafers were 
fabncalcd, Scvciol from the fu&i baick were scioichcd ojid were replaced by MIT. 
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Surface paiieming ofthe lop oxide [ayer of the waveguides was done ^ BU in iheOpdcal 
Processing Facility (OPFl in the Phoionics cenier by a iwo-siage IJlhograpluc process thai 
included: 

3.L1   Mask Fabrication 

New masks were created which included lwo7 mrax7mmx !.4 microns deep wells on each 
waveguide to seal ihe coupMng prisms. The 6" square chrome on soda-lime glass masks were 
designed at BU using the LASl mask design program and fabricated hy Advanced Reprodibclions 
Inc, in North Andover, MAr A pictine of each mask is shown in Appendix D. 

3.L2    Lithography 

3.1.2.1 Process 

The fabrication process used was a Iwo-slep Uthographic pnjcess. 

In the first step, the first mask is used to define and isolate the cuvette regions on the waveguide 
surface. The top silicon dioxide tayer of the wafer is then clthed to completion in these areas 
using 7:1 Buffered Oxide Etching (BOE) solution. The silicon nitride laytt'is lesislanl to etching 
with BOE> and provides an effective stop for the etch. 

In the second step, the second nuisk is used to define 7x7 mm square areas on either end of each 
waveguide for pism coupling. Inthis stage, iheo^ide layer is partially etched. This is necessary 
for efFiciem prism coupling. The tolerances for this step are rather stringent, flatness of 25-50 nm 
over Smm region, or J part in id'' flatness, and an accuracy of the etch depth of 25-50nm over a 
distance of 1.5 microns. In this step we encouniered some difficulties and tried different 
techniqueSr 

3.1.2.2 Elching Difficulty 

There were a number of issues involved with the etching of the prism areas. Different localized 
etch rates made it difficult to obtain unifonnity. We tried two different approaches, wet and dry 
etching: 

3,1,2,2.1    Welelching 

Pattial etching of the oxide layer had been tried previously on another set of wafers. The 
resulting oxide surface was uniform to within 50 nm and the surface roughness was less than 10 
nm. In this case, it was possible Eo seal prisms pnsms to the surface by applying a drop of water 
below the prism and allowing it lo evaporate. Reasonable coupling efficiencies--10-15^ were 
achievedforprisminput coupling at that time. However, etching of the new bateh of wafers from 
MIT with BOE did not produce uniform resuhs. In tests performed to determine the eteh rate for 
the oxide, the first 50 nm of oxide etched very slowly ai a rate of approximately lOnnVminufe. 
The remainder etched al various rales^ up to 300 nm/minute. The etch rates were mcasui^ using 
a stepper with a height resolution of about lOnrrL The variation in oxide etch rates limited 
uniformity to 100-200 nm over the prism area, with surface roughness up to 50 nm. As a result, it 
was not possible to seal ilie prisms to the waveguide using the previous technique. In addition, 
we could not obtain optimal prism-guidJng layer spacing, Eteh tests were performed on samples 
from previous wafer sets which showed that the OJiide eteh rate was much more uniform and 
fixed al "220 nnVminute in 7:1 BOE. 
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3.1.2.22    Dryetching 

To obtain more uniform resulu, weperfonned a number of tesis u^ng reacdvc ion etching (RJE) 
and a plasma of CFj and O? gas. Fimalargesamplewanetchedtochecktheuniformity. Non- 
unifr^in circulM ring^ were observed beginniiigalaradiusof about 30 mm from the center of the 
sample posili^edal the middle oftheRlE chamber. Ring^ were also observed around the edges 
of a smaller sample- But, by surrounding ihe smaller sarr^le with other pieces of the ^ame height, 
it was possible to etch the small, central sample uniformly. Using this technique, we falrdcated a 
waveguide with 550 nm of oxide remaining in the prism regions. The unifotmiiy improved to 
-75 nm across the prism area. The RMS surface roughness was measured at BU using Atomic 
Force Microscc^y (AFMI to be 5-10 nm. With the improved etch, it was possible to seal the 
prisms to the waveguides using ihe water evaporation technique. 

3^     Prism coupling wilh new wa^e^ides 

Purchased and received two 45-45-90 6itfi mm base Rutilefrisms from OFR. [nc 
Elespitean apparently good water seal between prisms and waveguide, nolhrough coupling of a 
visible collimated Gaussian beam was delected. In addition, Ihe water seal method of mounting 
Ihe prisms was not always creating strong se^ls. Therefore we designed and ^bricaled an 
aluminum and dekin prism clamp device for making contact between prisms and waveguide al 
the BU machine shop. See copy of the specifications in the Appendix C, Even using new the new 
clamping device, however, no through coupling wa^ seen   In parallel with fabrication of the new 
clamp, we attempted a number of coupHng experiments using the water seal n^thod, described 
below to measure different aspects of the coupling. The water seal method *as usually successful 
in creating temporary seals between prisms and waveguides (due to more uniform prism areas^ 
improved lithography). 

3.2.1    Experiment 1: End-coupling input, prism coupling outpttt on near fiKel (see 
text) 

The purpose of this expertmenl was to check for pnsm output coupling, using end coupling to 
couple light into the waveguide. In addition, it would allow us to veri^ the prism coupling 
angles if output coupling was successful One facet of the waveguide was polished and used for 
cud coupling of light. A prism was mounted on the waveguide, in the prism area closest to the 
facet used for ii^coupling. We found that light was coupled into die waveguide, traveled about 2 
mm to the prism and was outcoupled by the prism  We measured the intensity of the two 
outcoupled light beams (one for each polarization) and we measured their angles with respect to 
the waveguide surface. The results of the experiment are shown in Table 2. 

In addition to the first two oulcoupled beams, we found two secondary beams created by light 
^m the brjgluer beams reflected back into the prism and (due to total internal reflection wiihin 
the prism) were reflected back out m approximately the same vertical plane as the first two. The 
columns labeled TE2 and TM2 show the intensity and angles of the secondary beamSr Because 
the internal angle of the right-angle prism is 45 degrees, the angle of a sccundaiy reflected beam 
with respect 10 the waveguide surface must be the complement of the angle of Ihe initial beam 
(because the prism, viewed in profile, is symmetric about <■ line starting at the right-angle vertex 
and bisecting the opposite face). The angles of the secondary beams are also measured and 
cori^ared to die primary be^m angles. 

AppcndiK 4-B - 10 



BU Prism Coupling Repon 

Coupling In through facet oul through nearside prism: 
Wavelength 632.5 nm 
Laser power (uW) 648; TE or TM 
Transmission Efficlercies 
(fraciLonal): 
lens O.B 
rurilo-air inlottaca 0.83 
Eslimated end-couplirg 
etticiency 0.01 
effeciive power supplied {^W) 4.30272 

Measurements and analysis: 
Polarisation TMl TE1     TE2     TM2     TEUTMl    TE2+TM2 
Interisitv(uW) 8.100 0.140n/m     n/m 
Angle[dogrees) G2.2G 52.19  3€,S1    26.43 88.69        89.00 

Table 2. DaTa anafy^s frnin ciperimeni niH. The tipper part shr>w« Ihe inilial ii>te*i«ity of the input 
beam and losses dur la kn&fs, cic. in Ibe bcsiinpalhr In ihe bultom section, Ihe inltnsily of ibe li^ht 
oulpul at Iht TAcer is slmwn, aa wtU as Ihe dngle of Ihe be^inx. The \ast two CDIUQUIN bhow that die 
ai^n of the two TE and two TM beams are approximately contplementarj. 

3.2.2   Experiment 2: Prism coupling input, end-coapUng output 

To confum thai the beams in ExperimeiiE t came from EIK guiding layer of the waveguide and not 
from anolber source, and to measure ihe efHciency of prism input ooi^ling, we reversed the Hrsl 
experiment (wilhom changing [he pnsm-waveguide setup), and directed a Gaussian beam of light 
into Ihe prism ai ihe nwasured angles of the output beams. The fight now outcoupled through the 
adjacent waveguide facet. We placed a deiector close to the facet and measirred the output light. 
As expected, light of either polarizaiion was found only for particular incoupling angles. For a 
polarized beam of light, we measured The following throughput- 

Input laser power: 1270 jiW, TE or TM 
Light coupled out facet: TE: 1.9 |iW. TM:0.01 pW 

Thus, we found that light was indeed incoupled by Ihe prism. Estimating an 80% outcoupling 
efficiency and 20% Loss at the prism facet, and assuming all the light from dxe prism reached the 
near facet, the prism coupling efficiency was 2.3% TE, and 0.12% TM. 

Although tbepiismcouplingefficiency measuredmExperiment 2 wasafaclorof lOless than 
expected for TE, and a factor of 100 Less for TM, the amount of output light from the near facet 
for the TE polarization of the waveguide was significantly bnghier than the intensity of light used 
for past biosensing experiments by Satcon andBU using end-couplmg. Therefore it did not make 
sense that prism dirough-coupling (ie incoupling and outcoupling using two prisms) did not yield 
any detectable outcoupled light. This is further discussed in experiments 3,4 and 5, 
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3^.3   Experiment 3: Prism coupling input, end coupling output at opposite facet (see 
below) 

For this experiment, we incouplcd lighi through the prism (now facing the opposite direction) 
such that it would be guided towards the farther facet of the waveguide. We expected to find the 
same output inteiisiiies a& we found in eitperiment three, heeause of the qitical guiding properties 
of the waveguide. However there was no detectable light at the ^ facet This indicated that 
although experiment 2 indicated thai light was prism coupled into the waveguide, no light was 
output afcer traveling through the waveguide. 

3,2.4   Experiment 4: End coupling input, end coupling output 

Finally, we polished l?oth factts of a waveguide^ and tried to use endcoiiphng for both incoupling 
and outcoupiing- We found the saine result as in Experiment 4. no light coupled out. To try to 
explain the behavior, wc chaiactcrizcd the waveguide layer structure using Atomic Force 
Microscopy (AFM)by scanning along Ehc fai:ctofa polished, and then slightly etched 
waveguide. The etching allowed us see 15 iim deep depressions in the facet where oxide layers 
had been etched. We were also able to see the guiding layer, although variations in the etch deplli 
around the nitride layer made il difficult to measure ils thickness precisely. Measurements along 
the guiding layer cross-section delennined that Lhe guiding layer was present and between 100 
and 1 SO nm thick. 

3,2.5   Experiment 5: Etch waveguide-sized piece to prism area height 

Using end coupling for input coupling, use prism coupling to output couple at several distances 
from the input face to look for an intensity decrease as lhe prism is moved farther away ^m the 
input facet. E>iperinieiit six was not carried out due to time constraints. 

3.3    Conclusion 
IVoblems encountered during etching of the prism-coupled waveguides slowed this project 
con&iderablyr Esperimenia performed on the longer, prism-coupled waveguides indicated that 
prism coupling and cndcoupling were possible, so long as the light did not have to travel through 
the body of the waveguide. It in fact, the light was lo&I during travel from one side of the 
waveguide to the other, this effect might have been caused by non-uniformity in the deposited 
silicon nitride guiding laycr^ or due to scattering due to features on the waveguide surface— 
either the recessed prism areas, or the cuvettes. Since end coupling in Experiment 4 was tried for 
beampalhs that avoided the cuvette regions, it was likely not the cuvette regions that scattered the 
light. Further experiments could test these two hypotheses, by oulcoupling after shorter travel 
paths, and/or fabricating pieces without surface features and using endcoupling, as described in 
Experiment 5. 
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TE 

Sl{n=3.5) 

.2 [im j  Guid iding Layer 

Buffering Oicitfe Layer (BOX) 

4    Theoretical Work and Simulations 
In prep^alion for prism coupling, simulaiions were performed itideiermineihe angles needed for 
TE and TM coupling. In addition, research and analytic wcH'k were done lo iry lo maKlmize Ihe 
coupling efficiency by adjusiing parameters of Ihe experiment {see below). 

Two methods were used for determining prism and waveguide parameters related lo 
prism coupling' The first method determines the angle at which light will pass through the 
bottom of the prism inlo Ihe waveguide mode. !l uses Ihe index of refraction of the prism and the 
effective index of Ihe guided mode lo determine the beam angle in the prism and then calculates 
the angle at which a beam should be incidenl on the upper prism surface for pnsm coupling. The 
TEand TM modes couple atdifferentangfes because of the difference in effective index of the 
Iwo waveguide modes and the birefringence of Ehe prism material. It is convenient lo have Ihe 
two angles as close lo each other as possible lo minimize inlerff^^melric noi^ caused by using a 
diffetcnl beam path for each polanzahon, and this can be adjusted by varying the guiding layer 
fhickness- The second method was used to determine the spacing between the prism and guiding 
layer. 

4.1    Guiding layer thickness and coupling angle:5 

Coupling angles were determined from the effective indices of the waveguide modes, Ihe index of 
refraclion of the prism, and Ihe shape of the prism, as shown in Table 3: 

Prism 

Rulile right angle prism 

Length-x 
(mm) 
6 

Heighi-y 
(mm) 
6 

(TE) 
Z584 

(TM) 
2.865 

y/x Prism Angle 
'p(deg) 
45 

Waveguide Model (nm) 

SiOj-SiiNrSiOj 
TE TM 
I.S5297     I.7&7693 

Guiding 
Layer (nm) 
166 

^sim 

1.465 

il?l3H4 

2.02 
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Wavelength (nm) 
632.8 

Results; Coupling angles ^ & ^ly^ 

>  X 

Angles: It TM 
6 (rddijins) 0 77 OW 
4t(rad) OJS 0.78 
E{rad) 0,OU -0.12 
a ({ad) 0,036 -0.35 
P (degrees) 42.89 65.14 

Table 3. Angles necesMiry for cnupling into an SiOrStjNd-SiOj wavegvLdc with guldlnfl layer 
thickness 166 nm- TheaJiglt^s^^rt Hit itngleb of Lheinpul light beams uiih the horiznnlnl 
(wave^idt burfact). ^ is cakruiated from the indices of the niaicriai^, the angle gf thf prism facf^ and 
sinuilatioD results for Ihe iirn's of each waveguide nnde^ 

The coupling angles^ [i, are shown in Ihe last row for the parameters specified. We pcrfoiroed 
simiilaiions to dcierminc if we could modify the height of the guiding layer lo reduce the 
difference between Ihe two coupling angles without saeriricing sensitivity. Our results are shown 
ill Figure 5, which shows the difference (TM-TE) in Ihe two coupling angles superimposed on a 
plot of the waveguide sensitivity vs. guiding layer height for an SOI waveguide/silicon prism 
setup. 
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SansnivityACoupling Angle 

^ V iT 

QuUlAV Lk|*-H«Sl11 lnWrttia) 
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GvalO'llv 

Fl^urr x^. UifTrrtnLt in roupling un^le compared lo waveguide Eensilivity. For imiitimiiin waveguide 
sensilivily, Ihe difFerence in couptlng angLcs is appm\iniBtcly 21 dtgreifS- By increastnK ibt KUidLng 
layer thkkne^ to n.2 microns we can rtduce (be coupling angles wirb litlle eSfvfl on Ifae sensitivity. 

guidad mode 

Figun 6. Diagram of beam and prbm posilloniDg Tor pri&m coupling inlo a wavcguidt guiding layer* 

4.2    Gap height determinutlon 

The second model is used to calculate the desired 'gap' spacing between the prism ^nd the 
guiding layer for m^imum (Tdilsfer of power inlo the guided modes. The idea, as described in 
previous reports, is to Tegiiiaie the rate thai light couples into and OUE of the waveguide guiding 
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layer through ihe prism, by changing the heighlof Thegap. The rate ihat light couples out of or 
into the waveguide, in rum, delermlDes the optimum beam width to use for maximum coupling 
efficiency. 

The condirion for c^imal coupling of a Gaussian beam is artlaiion bMwetn the beam width (wci) 
add the craipliDg rule, a, for Ihe waveguide-prism system: 

awo = 1.36. 

Actually WQ h iheEengihof Ihe projection of Ihe beam ludius on tlie waveguide surface (sec 
Figure 6). Assuming we have a fixed full beam width, W, we can solve for The optimum value 
for Ihc coupling raic, a, 

WD = W/(2cose>=> 

1.36(2) cos6 
a = 

W 

When this relalion is satisfied, the maximumpossible transfer of light from the incident beam to 
the guiding layer takes place, u depends on the ^ap spacing between |he prism and guiding layer 
a& well as Ihe indes ofrefractionoflhe prism, gap, and the effective index of the waveguide 
mode. We use ^his lelalion lo fmd the optimal gap height h for our system taking into account 
Ihe incident beam size: 

In 

h = - 

'i36{2)n^^ 

HAW 

2K4^% -"■ 

where all Ihe variables stand for system parameters; n^nis Ihe efl'ective index of Ihe coupled 
mode, n is Ihe index of Ihe prism, and n' is Ihe index of Ihe maleriaL in the gap. ki>is Ihetiee 
space waveveclOT of the light. W is Ihe width of Ihe beam, and A is a constant. We use this to 
determine the gap height for our prism coupling experiments See Appendix B for a discussion of 
the height equation. Results for the gap spacing for our nitride system arc shown in Table 4, 

INPUT DATA: 
A W i^pTE n^ffTM n p,™ TE   n p„,„TM n'(gap)    A 
0.6328       2000       I.S5297      1.767693 2.5 S4 2.365 L.5 1 
OUTPUT DATA: 
kO        SqrTQTE     SqrtO TM   LnO TE   Ln() IW Gap height h TE (jAm) Gap Heieht h TM twra) A^erageliun) 
9.9292     1087387     0.935275 0.000975 0000839 0.320909 0381368 0.3S1I39 

Table 4. This tdble cjihrub^m h For a bilicun nilridf, niriLc prtsni ijslein. Values for Ihe variables in 
Iht hf Ighl f qualion are shewn as input date- Thf final three columns of the output data show 
optimal gap hd^bl^ fur TE coupling, TM coupluig, nod Ifaf avtragt of the twOf reflectively, for a 
«jlican nitride waveguide system. 
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5    Conclusion 
Although iiipul and ouipul prism coupling was achieved for both SOT and silicon nitride 
waveguide setups, ar angles in agreemeni with our iheotelical predictions, through coupling—ie. 
pri^m input and output coupling simultaneously—was not. This was in part due to issues related 
to waveguide fabrication^ at MIT and at BU, which slowed the process, and in pan due to an 
inability to achieve high coupling efficiencies for both polarizations of light. Although efforts 
were made to solve these problems* they were not successful in the time frame allowed by the 
biosensing projeci^ As a result, prism coupling was abandoned, and we proceeded with other 
aspects of the project, such as simulations and analysis of grating coupling, and preparations for 
surface desensilization eitperiments. 
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6   Appendix A. Experimental Setup for Prism Input Coupling 

Rgure7shows a schemalic diagram of ihe selup BIT designed as a light delivery sysiemfor 
pri£m iiipui and output coupling. Before the light enlers the diagiiini from ihe light, il p^&es 
through a collEmaior and the polarization is rolal^d so thai light hiltlDg (he beam splilling cube has 
both TB and TM components. By adjusting the polarization angle^ the relative amount of TB and 
TM light can be controlled. The light source is a fiber coupled, 1,3 micron wavelength, polarized 
FC-coupled laser for SOI waveguides and a 632.SmnHeNc laser for nitride waveguides. After 
Ihe light is split imo TE and TM components, two mirrors adjust the angle at which the light hits 
the prism surface   The angle must be controlled very precisely to obtain a high coupling 
efficiencyr Thecorrect angle defined relative to the waveguide surface for each polarization is 
deietmined by the effective index of the corresponding waveguide mode, as described in section 
4.1, Rotating fflie of the miirors by an angle, A. causes a change, 2AH of the angle at which the 
light hil& the prism surface. Due toSnelTs law, and the high indeKofiefractionof thepnsm, Ihe 
angular change in beam direction is smaller inside the prism. The inpuicouplingefficiency asa 
function of the error in the angle of ihe mirror (relative to Ihe position for maximum coupling) is 
listed in a table beside Figure 7, Thisdoe& not include Ihe loss at the upper prism face. 

The mirrors in our ^etup are mounted on kinematic mirror mounts, which have a maximum 
angular accuracy of 0.1 mrad. The mirror holders are mounted on one-axis translalion stages^ so 
[hat the light can be directed towards the piism when the mirror is rotated. In addition, the 
position of the beam relative to the back of the prism can be controlled. The translation accuracy 
needed isabout half a millimeter. The mirrors and beamsplitter are mounted on a 12'' x 12'^ 
breadboard. We are investigating whether vibrations in the tight delivery setup will be large 
enough to cause a signiHcant reduction in the angular accuracy of the mitiorSr In addition, since 
we are sphttmg the TE and the TM beams, we must control vibrations to maitiraiji the high signal 
lo noise ratio we have obtained in tests of the biosensor irtiing end-coupling instead of prism- 
coupling- Vibration of the apparatus could introduce a lin^-dependenl relative phase-shift 
between the TE and TM beams. 
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Figure 7. Light delivery ayslem for prism Inpul aiupHiiB. 

The translaiifHi Stages for the minors and beamsplitter m inside an 8''X S" area of the iTOimiin^ 
board as shown in Figure 8. The stages are mounted on adjusuble interface blocks attached with 
screws to the standard grid of '/'-20 holes on the breadboard for the initial alignment of the 
componenis. Figure 9 shows a lop view of our setup. 
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Figure 9- Placenitnt of niiirors and beam splitttr on brtadbnard^ 
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l<Teure 9. Top *ie» nf ll);hl delivery sttup. 

7   Appendix 6. Derivation of Gap Height Equation 

Dciermine Iht gap disiance (hi belwecn Ihe prism ^nd guiding layer necessary lo achieve a 
patLicubr coupling rate, 1 he coupling Mie depends eiisponendally on ihe piism gap heighc 

Theangte, 0. in Pigure6, is dcienriincd by the neffof [he waveguide mode and the index of 
refraclion of ihe prism. The coiislanl. a, is determined by the neffof the wavcguidf: mode and Ihe 
index of refraclion of the miitenal hi the gap belween tlie prism and waveguide surface. Pultin^ 
in Lhi:,SL^ dependencies, and solving for h: 

Jna = -2Mjto ^ti^ -n'^ + In A 

h = 
\j\{QfA) 

^KH-"^' 

In 

h = - 

1.36(2) cos g^ 

AW 

2k. fy^^ 
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h = - 

l-36(2)/t^ 

fiAW 

2*0 v^i"^ 

The above is an expression for the gapheight to use for optimum coupling of a beam of widlh W, 
n and n^ ai^ the indices of refraction of the gap region and the prism region, rc^pccLivety, ko is 
the free space wavevector for the coupling light. 
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8    Appindix C. Plans for IVism Cbniping Device 
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10. Flans for (he rflurainiirn hB>i-fiirihe *o%eftiiide,prisiiB, and dtlrin clamps. The 
HiveGuidv ^il> in ihv reccved arras. Scr^H-> hold iKt fMci drlrin pieces \n pLact abu\e Ihe prisms. 
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Figure IL Plan for two dclrin, rod ^baped, slotted prism clamps. Tli¥ upper prism (omer fiQ in^de the slot. 
Bod the clamp makes contact with (ht slantpd face and back race of the prism. Downward prtswre is applied 
to the prism bj' lightening Ihr two Z-S6 screws holding the delrin rods in place. 
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9    Appendix D, Mask Images for Nitride Prism-Coupled Waveguides 

- ^ I - h F ' - > h H 

II   II   II   II   II   II   II   II   II   II 

4 + + h + + + h 

11 II II II II II II II II II 

FiguTt 12' Laytr ont of Nitrult-Mask-0404fl] for prism coupled, silicon nlbide 
waveguides. Thla loask layFr coDUiob tiii; cuvellc regions ani flduciaiy marks for 
atignnient with the second mask. 

Kli^ure 13, Laycrlwoof MrrUle-Mask-(mU401. This layer conlaim the reclangular 
prifimnreas on fUhfrend of tach waveguide. Square fiduciarj' marks allow the 
mask to be al^^ned wllh (be firsl Layer mask. 
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Progress repon covers the following areas: 
1. Numerical simulaiions andan^ytic analysis of gratings for waveguide coupling 
2. Waveguide specifications for fabrication 
3. Waveguide fabricaiion for prism coupling 
4. Waveguide fabrication for MIT surface chemistry 

1.0 Numerical Simulations and Analytic Analysis of Grating Coupling 

1.1 Introduction 
The iKxl gencfaTion of evanescenl wave phfise bio&ensors requiresacompaclfootprinlandaTi 

inlegrared approach lo the jnpui and uutpui optics. The aptii^al path for Uie iwo polarization nudes IhiC 
inlerfere [o generaLe sifinal ftom the surfac:? bourd Tuoielies are planned to be undemeaih the waveguide 
while the mK-iofljidic Dow i& above To couple lij^i in fcom underneath, waveguide ^Atin^ coupling is the 
preferied method-This is simplybecause gratings can be buriodwiihin ihc smiciiuc and fabncaicd duiing 
Ihe waveguide fabiicallon process. The competing approaches of end-fire coupling and prism coupling both 
poac much more ^ubAlantial problems. Prism ccuplinj^ is vcrydifficuh. Since one mu^t develop access to 
the guiding layer from below. In principle, ihis could be accomplished by etching thiough the substrate 
wiCh vjds, and [hen creating a supporting structure from above. However, [his approach will have 
dif]icultiF& since the guiding layer will be opposed la ihc elements, especially ihosc of the :>uEfHce chemists. 
Also, such an approach would haveslrainfieldslhal would compromiM [he coupling efficiencies. The fina] 
approach^ endfjte coupling, requires precise aligiunentandpolishedendfacets, the latter which would 
againbeeitposedio the elements, especially those of Ihesuifaccchemisis. Thus, we have decided upon 
grating coupling 

To develop the cnireci approach and design the opumal stiucture we have done both aaalyiic aod 
numericalsimulalionsofgralingcouplirg. The problem coiBJslE of solving, either anaLyiically or 
nunteiically, the angles, efficiencies, and loleiances of light incident on aperiodic input gracing etched into 
the guiding layer uE a single-mude waveguide and Uie Lighi etLUacted hum a periodic output grating etched 
into the guiding layer of a single mode waveguide. The paramclers irtclude ihc period, duty cycle, depth, 
and length- 

The software package we are u&ing for numerical simulations is called FuUWave^ and distributed 
byRSofi, Inc. Fullwave works by giving Maxwell's equations for a given imtial (hannonic) 
elecliomagnetic ^eld and re^activeindexdistribulioninlhe2Dplanepeq>eiidicularto the layer, and 
updating the electro-magnetic field amphtude(s) based on [he soluiion^ Over a short, adjustable lime 
interval. It chen solves Maxwell's equations for the new field, updates them again, etc., to simulate the 
behavlorof light overtime. This method iscalledFDTD,orf1niie difference time domain and is a different 
approach than ihebeam-propagaiinn method (BPNf) as iidocs not u^e para-axial approximations. The 
latter are not accurate unless the majority of the light (ravels in acertain numerical apenure in a particular 
dircc[ion. Since we plan tu gating [:ouple wi[h ligh[ beam angles almosE normal [o the direction of light 
propagation mihe waveguide, BPM methods (wh^h weuiedfoi mode-solving and dctcmunation of 
waveguide biological sensitivity) are not sufticienl for grating simulationSr Thus FullWave simulations 
provide more freedom and information than BPM simulations. 
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In addition, we have perfiiimed OUT own fiisl And second order analytic analysis to delermine 
appro>iim^ie i^oupl lug angles inlo ihc ^avf^uide modes (TB and TM>-The anAlydcnippioQch allows us lo 
COnfuiD [be nuiDcncal sJiDEJationsH and delcrmine dicinpul paiamclcrs for the numerical sunulations- 

Figure 1.   GralJng 
incoupkr for a slab 
waveguide   Guided 
lighl travels lolhe 
right (+z}. e^i 
indicates the angle 
belween t-he zero* 
and fiist diffractiim 
ordersof the grail ng. 
This purp(]5c of [hi^ 
figure i^ lo illustrate 
die defmi^oti of the 
graling modes. The 
angles do noi reflecl 
Ae angles necessary 

L2 Basic Grating Coupling Parameters 

The parameters lo be determined for graliag coupling are: 

1.   Graling period 
2r   Angle of incidence for incoming/outgoing light 
3. Depth of graling 
4. Length of gracing (deteimined ^mcouplingriileof external fteld to the waveguide 

modes) 
5. Effitiency 

1.3 Analytical Modeling 
Th? dnalylu: m^Ihod is 1u solve for Ehe wavefunction in the grating layer analytically and 

delciminc die characteristic Icaty (input and outpul) and guldetl modes in itie waveguide-grating structure. 
The» are called leaky, since they couple hghl into of out of the guided mode. Several aiticle^ have bcfn 
written on this topic   > and solmions have been obluincd fur rrctsngular, sinusoidal, and blazed graunga. 
These arc the sinictiireuf the gratings in the plane perpendicular lo [he gracing period- Lil<e ihesofCwsre 
simulation, analytical methchls can al&j provide the necessary grating p^Ffimelers and calculalc the coupling 
efliciency  In a recent article^, a gmup used a blazed gratmg with variable loolh depth to obtain slightly 
less than 50^ input coupling efficieney, and 95% uutpLit coupling efficiency ma Polymer jPMM A) 
waveguide at 633 nm wavelength. (No^e: the waveguides [hey used had different indices of reftaclior of 
the film and substrate laycEsthanour silicon nitfide/silicon dioxide waveguides. They may have varied the 
waveguide paramcteislo achieve j>uch high coupling efficiencies.) We aie work^ing on a numerical mode- 
solving method ba-wd on a technique described in Feng, el-al. in parallel with Lhe software simulalions- 

' ST- Peng, Theodor Tamir, Henry L- Beftoni,'Theory of Periodic Dielectric Waveguides,^' TPPF 
Tiansactions on Microwave Theory and Techniques. MTr-23, 123-133 (1975) 
^ L. R. Lewis^ A- Hessel, "Propagation Charactensiics of Periodic Arrtiys of Dielectric Slabs." IEEE 
Transactions on Microwave Theory and Techniques, M n-19, 276-286 (1971) 
^ R. Waldhausl et- al, "Efficient Coupling Into Polymer Waveguides by Giaiings," Applied Optics J6, 
93B3-9390 (1997) 
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First, wc present Hisl oidci ruLili^ dCTcimJiKd anulyticully from llicpropB^uduii^cH}r& of Ibe guided 
iTMxtc»as well as an Jnlrnduciion to lh?oper:i4iDn of graiing'waveguide i:oiipltr^- 

Giating couplers in mDmniDdai aiid bimodcd waveguides opcralc (to tiiar order in accuiacy) by 
diffracling lighlfroman incident beam (see rigr 1) at an angle thai matches the chamclerislic angle 
a^&cKiaTcd uilh one of the propagating wavcgiudc ntodcs. A waveguide mode can be chaiacierized by Ihe 
a-componenl of its waveveclor, k, or by the talio. 

n   = n _ = —^ 
'        'B       r. 

\n Ihe tvpicdl model of grating operalion, ligh> is scattered from each grating 'tooth* in al^ 
dirfftjons, and mlerfcics cm]Slnii;tivc]y at sevcial discrete angles [o fcrm new beams (cf. Fig. 1). The 
refracted beam ihai obeys Snell'^ law for the dielectric boundary (wiihoiii grating) is the sero   order 
grating mode. Beams diffracted forward with respect to the zero   order mode (9>0, cf. Fig. 1) have 
posiiiven iniegral mode numbers, and waves diffracted backwards (fl<0) have negative^ Integral mode 
numbers. It is only nece^&ary for one of these modes to match the n^ of ihe waveguide mode for coupling 
of power into ihe waveguide- Tt is imporifliil lo note that for a guided (coritinedl waveguide mode, nj > 
tihifRi - *">d therefore incoupling via Lhe iero* order mode is impos&iblCr* Therefore, depending on the 
grating penod. coupling is accomplished through the m=-i oi m^-2 Iwo grating mode. This is illustrated 
in Figure 2, below: 

Guided Light 

m= 2 

m=  1 

Figure 7-   Oraring oulcouplin^ fur a ^lah ngvcguidc- lliis Lime Lhc guided lighi ia 
incidHil an lhe graung   II is difFcaLilcd inia $cvtra] output c^pling ordcis. 

In Figure 2s instead of Ei:iing an external incident beam, we allow the guided mode field to 
impingeon lhe gratings creating diffracted beams. The difftacled beams are coupled lo the waveguide 
ntode, and carry energy away from Ihe wavegmde   The angles of ihe diflracled beams depend on the 
grating period. For the indices ofrefractionofsiliconmlndetSi^NJ and silicon dioKide(SiOj) The zero* 
mode IS totally inlemally reflected, ^o we use lhe normal lo lhe waveguide profile boundaries as a reference 
direction for defining the angles of lhe minus one and minus d[fraction beams. Since die behavior of hghl 
under lime reversal can bedepiclo! by reversing each arrow direcdim in Figure?, this diagram alw depicts 
the angles needed for input coupling. 

TheanglesT 6.i attd 9r2,arefuiiclion3ofthe gralingpei^od. To select a converdenl angle for 
coi^ling, we can vary lhe grating period. As lhe grating period increases (decreases), the two beams 
depicted aboverolate in the counlerclockwise (clockwise) direction. This behavior is illustrated for the 
mtnusonc mode in Figure 3, below, for a guiding layer height of 166 nni. (Important note about 

'Guided modes propagale at a shallow ^ngle (with respeclioz). Then^^r ~ k^ of the pn^agating mode 
meets the re£ruirerr^nis for lotal iniemal reflection (TIR) inside Ihe guiding layer boundaries. Therefore, 
there i^ no possible exlemal incident beam that could i^uple to the guided mode at the dielecliTc interface. 
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poJanzatruns' the iifH valuer for the firsl TE and the fir^lTM waveguide mcNle»i aie slightly different and 
Iherefbre produce slightly difTerenl coupling nngle&r The TE mode is indicatoi in blue, and Ihe TM nwde 
j£ JndJCdtal mrrd. Thelinemarted'Difr Ji^thedifferencEOndegiees) between theiwo. Tbefir^ttwo 
line* bolhrepreseni a in=-/order Brarine) 

Figure 4 shows a bropdei range ofpossible gating periods- Al a graiing period of aboul Q-72 limes ihe 
wavcltn^h, Itic [iiiiiu& lv>o mud? appears in dddition Ic the ntinusuiic mode. It's angle is always Lower 
than the angle for die in=-! mode. Toconnecl ihis lo Rgute 2. if one scans across Figure 3 from left to 
righMhe coupling angles roralecDunrerclockwisc id Figure 2 (abovc)r The firsr angle a^^umed by [be jn=- 
2 mode i5-90". 

Below The culoff al around 0-7 limes ihe wavclengEb, ojily one Cf?upliiig order ejihK. Hicre arc 
advanlages and disadvantages lo working in tiiis regime- One advantage is that we donol have to de^l wilh 
fub^trale modes exciled by higher order graling nvide^, and thus the otilpul coupling is simpler and DO( 

comphcaled by inrerfcrencx wilh higher order modti-Anulher advantage is that the rfticiency of inpur 
coupling 1^ increased due to ihe absence of higher order moden On ihe oihei' hand, gratings with smaller 
periods, of order 4 LO nni, are more difTiculllo fabricate. Expensive direct-wrile lechniques (using e-beam 
wiiUng) may be nc^e^sary ir[;hcapcr hihographic icchnlques do nucprtividc high CDUiigh resolution. 

, 1 TE .'1 TM 
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Figure %\ FiTsi order graling coupling angles for iheTE andTM 
modes of our ivaveguide, asafimcLion of grating period. 'Hie 
guiding lnycr is Silicon nimdf   The bu^er and cladding ar? silicon 
Jio;o<Ie 

Calculation of First and Second Order Grating Modes: 

In summary of Ihe analyiLC calculaiions, we have shown ihe coupling angles as a function of 
grallng period for a Silicon nitride waveguide of the ]66nmlhicknessguidinglayerrNole that the depth of 
die grating \.s not a paiametcr of die analytic calculadon. 
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-ZTE,-1 TE        -2TM,   1 TM 

iw 

grating period/wflvsler>gtrt 

Figuic 4: Fiisi and second Older fjadn]^ o^ujriLiijL Jisgle^. ITie If rc scciion urthcplDl 
i$ idmlicuT ii> Figure 3   As IIK gradnp period increases beyond 0 7 X (wavelcnflh), 
Ihe second Mdf[ mode ^)pcai% for TE and TM. In iigreemenl with Figure 2, the angle 
ofthe^^-^ mode IS always rrwrc [KgaiiT phaji lhiminiicfti='^ modr (as a fiinclian 
ofp^ii^ period) Tlie difference line inhlatl: ih ihcdiffcrcnl bCLw«n TEandTM 
Coupling angles foi die secorui order rrtodc only 

J A Numerical Mfxleltng 

The previnuii analytic calcula'ions incorpoiale rhc lad Ehal ihe waveguide mode (i e. el«mi- 
magnetic field distribution in Ihe v^uvcgmdr) is affecied by ihe presence of ihegfatini by averaging the nnr 
values for the guided modes with and withoiu graliug. However, Ihe charge in Ihe guided li^t it. due to a 
more uomplcs inicraciioit with Ihe grating structure. This Is Ihe reason that we believe the numerical 
simiilations differ from Ehe Hinalylic resiillii ^>wii in figure IQ-We will reijmlo Oils poinl later. FifsL 
hoAevfc wc will dcscnbc ihc numerical simulations. 

The waveguide wilh grating forms an lalmaai) pcnodic sinicEiire in the (z) direction of 
propag^lton   Therefore Ihe solution fordicguidcd wave has addiEionalFouriei'COnipODcnu> that conform to 
the period of ihc grating. The addidorul components jre antilogous to the solutions for the wavefimctions 
of electrons in a periodic cryslal lattice. The amplitude of each additional component is aflecled by the 
widih(7-dirt and deplh{x-dir) of the grating teeth, and by other aspects of Ihe gr^ling shape if it is not 
rectangular. To test our calculations, we therefore performed extensive numerical scmulatioris using 
Pull Wave software descnbed in the introduclion- 

1.5 Full Wave Simulations 

Numerical solulions were obtained with the FulTwave package provided by RSoft> Inc, The first 
step in our Simulations wa& to cxpenment wiih sirnulation paiamelcri such as the overall size of ihe 
simulation space arxi the si7e of Ihe dIscretEzaLon grid. Currently we are usirig a simulation space 6 
microns wide ()i-dlreclion, transverse to the waveguiding direction) and 32 microns long (z-directioa, in the 
direction of wave propagation), with a mesh si?* of 10 nm along x, and 20 run along z. We found that 
using larger mesh sizes Induced artificial changes in results such as coupling angles   These distances can 
be compared to Ihe approximate grating period of MO nm, and grating depth [x-direttion) of 25 to 40 nm. 
AlUiough, ideally, we would like loeitLpacid our overall simulation space. Ihe time necessary for a larger 
simulation, (due to Ihe amount of numerical proccuing and ni>t to memory size limitations) becomes 
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jmpraclicaL In addiiJDii» ii is noi difHcult to dcicrmjnc (he behavior of iht li^t over long path lengths once 
the behavior over short path lengths is known. 

FiBurcS: Pmtiunuf wavegunJc wi[hsraiinS5howii[nfrtoFilc   Red rcpre^cnti Silicon 
Nilndf   Rlue repit^nis silicon dioiide. Thegniinj; m^ieri^ i^olwniliiZDn diaiide ^nd 
are ILtu&lrsled with [he snialJ bl^k cut'Oul ponioiis. HiegEeen reclangles aic power 
ounilDTS, used Tor delemiining the rale of power eoupling lo radialicm mcxJes 
(oulcotipling). The inweTiitDiii Lois are [hus used lo ikleimin? thEeonecl kngth and 
dep[h of the grating for [he Mnicaiion spccificatioiiSr 

A diagram of oui simulatinn nutdcL ir^ shown inl^gLircf. One fealuic uF FiillWavc isUte ability lo 
jnsecl ore diniensJond! m two dimen^innal powec monitors (for two and three dimensional simulations, 
fe&pectivdy), whichntedsureinslanlBneousoravcfigcpowerflux through a particular area of the 
umulatiun space. By placmg muliiplc power monitors which bpanihe guidmg layer, along the length of 
the grating region^ we can determine [be rale of oulcoupling of the hghl. These are illuslralEd by the green 
power monitors in figure 5, 

Aflei establishing ba&ic simulation parameteis, we did multiple simutabons forTE and TM hghl^ 
varying the grating period anif the grating deplh  Varyingltiegratingperiodchanges the angle of the 
Dutcojplol beam in accordance With fic^l order caLculaliuns (cf. Fig&:! and 4). Diffierences in angle ucie 
also observed for difTerenl grating depths, an effect which is noE explained by Hrst nrder arguments, but is 
related loachangein the effective index of the TE or TM mode due lo the presence of deeper or shallower 
gEaimg in the material. Aside from rhe slight change in DLUciniphng angle, vaiyjn^ the grating dc^ith varies 
iherateofpowertransferfroni the guided mode to the input or output beam- 

Thc angles and power Hansfei tales determined tor oiitpiu coupling can be used lo determine 
optimumparameiers tor input couplingJtiparticulaE the length of the grating, in a way ^imlLar to the 
technique we used for prism coupling in earlier work. Figure 6 show^ a ^imuladon demonstradngoulpuC 
coupling for a grating peiiod of 0,65 wavelengths (0,411 |jm) and TE and TM polarization, respectively. 
Figure 7 shows an input coupling simulation. Note that the axes are rotated forty-five degrees A\>m the 
Figure 6, 

We have used such modeling lo accurately determine the optimum grating paiamelers fbrihe 
(iesignof the initial waveguides- Figure &^ows aBummary of the outcot^ling simulations, where the 
outcoupling angles as a tiinction of the polarisation, the grating depth and the grating period for ^t order 
coupling have been deleimined. From data, IHME thai the depth has only a minor CDnectHm lo Die coupling 
angles as e>:pected- 

The way we detentkined ihc final period forthe fabrication specific^alions was by examining the 
data in JigureS, where the coupling angles as a function period and depth are summarized It is necessary to 
work at coupling angles which arc positive, ihat is gitaEer than zcio, since d1 zero the left and right coupling 
is symmetric, leading lo an equal amouni of a backward propagating wave We also wanted to work close 
to nctnnaE for seveial reasonSr First, working at close lo normal causes as few substrate losses as possible 
End second, working close ID noimal cases the constnKliun requuemcnTs. Thus we have choatn 7 degrees 
and 12 degrees fnrTE artdTM respectively. Theie is no particular reason why it is 7 and 12, it could have 
easily beendifferent by adegreeor two withoutchanging fabrication tolerances. Thus we have determined 
the coupling angles. 
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Wj[h the coupling angles determined asdescnbad dbove^ we ai» did separate incoupling 
EiniuUlinns ID Undlhe peak in coupling powei as a ficnclion of Ihe angle of The Lncideni beam. Thin 
inronnaliDii IS shuwn in rigLirc 9, and repicwntR a fmthcrchecli cm the coupling as i tunction of Kigle. To 
pcrTonn Uicsc simuiaiinn^, power monilors weie used Lo find the dependence of the coupling a& a fiinciiDn 
of angle Nole Ihal we can also determine the amount of pKiwcr coupled inEo the backward pioppgaling 
mode wilh Una iccbnique^ 

Pinally,toru]!ycnnfinnEhe:knalyiicandnumehcal&imulalions, we comp&red both ihc 
oniconpling and incoupling simulalion^ and found ihcm lobe melo&e agreement, a^ displayed in ngure JO- 
Figure 10 displays both Ihc analytic and numerical simulations. The analytic ^Inlions and the series of 
outcouphngsimulationsareshownas the solid lines and descEJbed in the ligure captionr The solid dots 
represeniseveralsimulaELon tuns of incouplindaii in figure 9 and dcHTibed above. There is good overall 
agreement. Ehough the outcouphng iLimuIation.^ are shghtly different than both the incoupling simulation 
and analytic caEculaliors. We currently do not understand this difference. 

We alaj did calculaiioiu'. to deiermJTie the angular change thai ^vould result frotn the allowed 
fabrication tolerances for Ihe width of the guiding waveguidelayerandindiccsofrefraLition of the guiding 
and cladding malerials. Simulations ^cie pcrfcNmcd lo test the tolerance of the input angle to inaccuracies, 
or vaiiances in the height of ^c guiding layer (due to the nature of the fabcication process). Deviations 
within the material EoJcf ances specitJed in Se^^lion 2 result m a +/- i dcgiec or kss change in ^ TE and 
1^ coupling angles. 

Having determined ihe grating periixl, we FKeded to find the optimal grating dqrthr To find ihe 
appropriate deE^h and length of the grating, that is the optimum beam size, one needs to determine die 
coupling rate of the light into and out of the grating as a function of its length and depth. This was 
deeermined hy monitoring l^ power loss to outcoupling as a function of distance along the grating in the 
directionof wave propagation. The power loss is a decaying exponential function of distance The data 
porni^ in the plot of figure II are the inverse of the coupling or decay coefficient as a flioction of grating 
depth and period. They are arrived at by fitting the power loss us a function of distartce for a given gracing 
depth and penod to a decaying expirnenbal. The plots show an increase in outcoupllng for deeper grating 
deaths, but as expected there is nor much change m the oiitcoupling rate ss a funL:tiDn of the grating period 
{although the angle of Ibeoufcoupled light changes (sec previous ouicoupling plots)- A major result of Ihi^ 
plol is the significant di^erencc in coupling rate of TE versus TM as a function of grating depthr For laige 
grating depths, for example the 75 nni dala set. the TM is 20-50 times smaller coupling, or larger elfeciive 
beam si?e than TE-Thus, we choose a smaller grating depth to albw for coupling of similar size beams, A 
grating depth of 25 nm yields 1/e points of 150 microns for TE and 4lX> microns for TM, Thus a grating 
length of several l/e lengths will couple most of (he light into or out of the guiding layer. 

Inconclusionfbrlhe tirsc order rKjlL^, the grating period of 065 X wavelength was detern^tKd by 
choosmga small positive angle for coupling The depth was determlTKd by requiring similar beam sizes (or 
TE and TM The length was then determined by the coupling rate for that depth. 
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Angles ^o gullng normal 

5 5D 15 2D 
Anglaa: considm phase-63 0IW73 gEidianl G 991227 

Outcoupling_TE 

5 10 15 20 
.^.-.   . Angles conaant phagg;-B7 6J372J aradtfiir.2 356276 ■'.r-.i-r 

Outcoupling_TM 

Figure 6: Numerical Simublionsofomcoupling for a 0-6S wavelength graiing period 
and a grating deplh of 25 nm. Slinulalions were used to compare ihe angle of the 
dif^acitd mude wiih analytical calctilation^, mid lu miinjcor die r^e of cuiiphng. 
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Rgure 7: Tncniiplin^   A lar^c fB mii.~[un) bc:ini impinges on a waveguide, causing j>j|^]ijnk'aiii 
Cxjupling m (lie p<:<stlivc 7 direclion {li^hl 4il lop of figure). The waveguide direcli<sni>rprispagaiinn is 
OTicnlcd Lipwardji dnd ihc bciini Lomcb in al an an^lc uf eight degfCc^ bclu^v hL»Ei£i>[ilal lium [he IcfL 
The bealing b^hdvior rnibc ccniei'of rhc piciuif \s ducio lighi inieraciing wjdi ihc pcnodic gialjiig. 
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Figure 9: Sample inpul coupling result- This plot shows Ihe amount ofpowercoupledinTo The waveguide in the+Z 
(blLie)and-£|bkck)dii^i:tioiu, as a function oflhc angle (^f [he irKidcnibeaiiitn the waveguide sui^cenonnal. 
The peak in inpui coupling 15 slighily above se^iendegFees for [he TM polarization, in the buffer (SiOj) layer. This 
conesponds lo an angle of 10,5 degrees injir. Thcbldukand blue lines arc momloi&Dftheiotalpnwer at the source 
of the Gaussian (incident) beam, and at the C>LII point (UghinoicH^upledinioEbc waveguide). Ncle Che different 
scales for the fi>rTncr and lacier [ypc of powper moniior^   Using several plots like this for different grating pcnuds. 
opiinium Inpui angles were delermined and compared with ihe roijIlMjfautcoupling and analytical methods-The 
results of these different runs are ^own in figure 10 as the round docs referred to as che maximum forward 
ineoupling. 
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are shifted by aboui ihree degrees Eowards lower angLes. 
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FLguie II: First order oincoiiphng rate: The above plol shows ifie to^ of |>owcr fram the waveguide mode 
due 10 oulcoupling thiough ihegr^rin^. The power IJux m ihc waveguide wa.'i moniioredal regular (spQliii]) 
inlervalg along the gjaung in die direction of propagation- The plots show an increase in outL:oupling fai 
deeper graiing depths- There is ITOI much change in the oulooiipkng rate as fl function of Ihe grating period 
l^khough the an^e of the ourcoiipled light changes {see previou? outcoupling plots)- Firsi the natural log of 
die fiux valued was u.sed to calculate Ihe e^cponennaI decay coefficient of the grating mode. One oveilhcB value 
Ipknied below as a funclion of grating penod and grating depth) gives an estimate of [he oulcoupled beam size 
(in the longitudinal diicction) 

Second order grating calculations and simulatkins^ 

There aiF Technical fabrication difFiculiiesassociaied wiih fabricating first order gratings. The 
difficuliy i^ dial direct e-beam write is necessary for the resolution of the'4 the ptnud, which is u-har 
nould be required. If allematlve techniques like embossing ur prujectinn tirhogEaphy are punsued, then e- 
beam could create the lemplaie or ina.sk- Nuw, however, we are looking largely at contact lithography 
which haa a nunimum resolution of ^-3 microns-Thus we have also perfumicd all uf the libuvc 
fimulationsandcalcuktionsfor second order grating^^i,alculaicd to cDnfoim to the ume input artd output 
coupllnganglesas the fir:>[ order to ensure platform compatability 

Figures 12 and 13 display incoupling slmutation results for second srdcr cdupling. The power 
coupled to the first TE and TM mode of the waveguide arc shown as a funcuon of the angle of the incident 
beam to the nermal to the waveguide sur^ce- The blue monitors Indicate coupling In the forward direction. 
The red monhtors show a corresponding drop m pow-er IransmEttcd past Ihc waveguide at the coireci 
coupling angles- From these and other simulations, we have determined the corteci grating parameiHS of 
period aitd depth fix second order coupling at the same angles as the firsF order coupling. 

Tbelast table showb the end results of the calculations for first artd second order coq>Ling. 
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Appendix 4-D: Mechanical Layout of
Grating Coupled Waveguides for Optical

Switch, Corporation



-i 4 •,   J-   r* F ■»- - 1 ' ^ — 

i .       - 
r                       ~^" 1 

'  r 

' 'f-   
>i 

T 
1 

 ii  

^CIL   I 

TTT-ETT- 
NO >Ci4 I ^T in I r Ionian <Q 
.•t^lMI  ili'.'nIU ^U UU  ■!■  ik -tU 

WTRIC «a»nm.ir 
^gg^ 

I   nilinl t;i^ j. 
-Jffe. 

mil 

3-hF-    - 

■**VFOUlDE 

ft'J.;:.  ■:!■' ■   ^ 
i<mi 

■-ff^- 

Uiicr "-idiir.'i—iSrrTfCn 

I- 



Appendix 4-E - 1

Appendix 4-E:  Original Waveguide
Specification
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Waveguide Specification

I.  General Description:

The fabrication specifications for an optical waveguide are described below.  Each waveguide is
derived from a wafer consisting of the following sandwich: 1.) An optical quality fused silica
substrate, 2.) a silicon dioxide buffer layer 1.5 µm thick, 3.) a silicon nitride guiding layer 166
nm thick, and 4.) a silicon dioxide cover layer two microns thick.  Each waveguide device has
two rectangular patterns (cuvettes) etched into the silicon dioxide top surface to expose areas of
the silicon nitride guiding layer.

Coupling light in and out of the waveguide is accomplished by means of a grating integrated into
the waveguide structure.   Specifically, light is coupled into each waveguide from below
(through the substrate) by directing a collimated light beam onto a grating etched into the
guiding layer.  Light travels through the quartz substrate and the waveguide layers, strikes the
gratings in the guiding layer, and couples into the two modes (TE and TM) of the waveguide.
The light traverses the length of the waveguide, encounters two identical second order gratings at
the output end, and couples out the substrate.

A dimensioned drawing of each device is shown in Section II followed by the specifications for
each of the various layers in Section III.
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II:  Waveguide Dimensions

Figure 4-4: A side view of
the waveguide structure (not
to scale).  The layers are color
coded according to the
material.  The dashed box
indicates the longitudinal
position of the two channels
(not visible in this view).  The
vertical dimension has been
expanded to show the layer
structure.  The dotted lines
show the path of the light
through the waveguide.

1.5 mm 10.5 mm

20 mm

8 mm

2.5 mm

2.5 mm

2 mm

2 mm

6 mm 6 mm

Figure 4-3 : Top view of waveguiding structure .  2 µm oxide layer is visible.  Two 8 x 2.5
mm cuvettes are etched through the oxide to the silicon nitride surface.
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Chapter 4
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822 nm

25 nm
nmn

2 mm

Figure 4-5: Grating profile.  The gratings should be offset
from the edge of the waveguide by 2 mm. This is
commensurate with Figure 4-6, below.
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1.75 mm
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Figure 4-6: Bottom View of Waveguiding Structure.  The cuvettes on the upper
surface are drawn with dashed lines, not to scale. On the left, the dimensions of
the surface channels are shown for comparison.
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III.  Layer Description:

Please refer to Section II, Figure 4-4 for this section.

Layer #1: Substrate: Corning high purity 7980 fused silica, optical quality (10/5 scratch/dig)

Layer #2: Oxide Buffer Layer: The lower silicon dioxide layer should be deposited by LPCVD,
in order to create as flat and dense a surface as possible for the guiding layer.  The tolerance for
the thickness is 1.5 ± 0.2 microns.  The top surface should be flat to within ± 5 nm over the
wafer, to ensure that it does not cause any subsequent variations in the guiding layer and thus
scattering.  The index of refraction for the SiO 2 buffer layer is 1.46 ± 2% at λ = 633nm.

Layer #3: Silicon Nitride Guiding Layer: LPCVD grown nitride layer thickness is 166 nm ± 3
nm with uniformity to within ± 3 nm over the wafer. The index of refraction of the layer n = 2.05
± 0.04 at λ = 633 nm.  Uniformity of the index of refraction (to n = ± 2%) and layer thickness is
important to prevent scattering.

Layer #4: Oxide Cover Layer:  LPCVD grown SiO 2 cover layer should be 2.0 ± 0.1 µm thick.
The thickness should be uniform to within 5-10 nm.  Again, a uniform index of refraction is
important to maintain the properties of the guided modes. Can be PECVD.

Table 4-2: Summary of Waveguide Layer Specifications

Environmental Tolerances:

Temperature:  The device is designed to be operated at room temperature, but should be able to
withstand temperatures from 50-100 degrees Fahrenheit.

Overall Dimensions:  Each device is 10.5 mm by 20 mm in size.  The tolerance for each
dimension is ±10 microns.

Layer #
Materia
l

Growth
Technique

Thickness Thickness
Uniformity

over wafer

Wafer-to-
wafer

Tolerance

Index of
Refraction
at λ = 633

nm

Index
uniformity

1 Fused
Silica

Corning 7980 High Purity, optical grade (10/5 scratch/dig)

2 SiO2 LPCVD 1.5 ± 0.2µm ± 0.010m
smooth

± 0.1 µm 1.46 ±
0.03

± 2%

3 Si3N4 LPCVD 0.166 ±
0.003µm

± 0.003
µm

± 0.005
µm

2.05 ±
0.04

± 2%

4 SiO2 LPCVD 2.0 ± 0.1 µm ± 0.01 µm ± 0.1µm 1.46 ±
0.03

± 2%
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IV. Waveguide Patterning:

Surface flow channels:  The rectangular cuvettes (as shown in Section II, Figure 4-3) can be
etched using standard techniques. The edges of the cuvettes should be parallel to the grating. The
tolerance is ±1 degree. The edges (parallel to gratings) should be smooth with an average rms
edge roughness of less than 20nm.

Grating characteristics and fabrication: Two types of grating coupling are possible, first order
coupling and second order coupling.  Each type requires its own set of grating parameters.
Please refer to Table 4-3 below.  First order coupling requires a nominal grating period of 411
nm with 50% duty cycle.  The tolerance in grating period is ±10nm. Second order coupling
requires a grating period of 822 nm and a similar tolerance.  The grating depth (penetration into
the guiding layer) in both cases is 25nm.  The tolerance for grating depth accuracy is ±5nm. The
variation across the wafer should be ±2nm.

The size (dimensions parallel to the waveguide surface), and position of each grating are
specified in Figure 4-5.  The tolerances indicated here are sufficient to ensure that the angle for
the incoupled and outcoupled beams varies by less than one degree.

Table 4-3: Summary of Grating Specifications for First and Second Order Coupling

Order of 
Coupling

Fabrication 
Technique

Profile/ 
Duty 
Cycle

Period  Depth 
(directed into 
guiding layer)

Depth 
Uniformity 
across 
wafer

Coupling 
Angles

Tolerances

1st Order
e-beam direct-
write or Deep 
uv contact

square/ 
50%

0.411 ± 
0.010µm

0.025 ± 
0.005µm

0.025 ± 
0.002µm

7.0 deg TE, 
12.0 deg TM

± 1.0 deg

2nd Order Lithography
square/ 
50%

0.822 ± 
0.010µm

0.025 ± 
0.005µm

0.025 ± 
0.002µm

7.0 deg TE, 
12.0 deg TM ± 1.0 deg



5-1

Chapter 5 : Surface Derivatization

Overview.   A subcontract was let to the Laibinis group in the Department of Chemical Engineering at
MIT to perform surface modification of the waveguides as a means to make them chemically selective in
their adsorption characteristics.  For sensing, the waveguide surfaces must be able to direct the
adsorption of targeted analytes (here, cells) onto specified regions of the waveguide surface for
detection while avoiding adsorption of the analytes onto other surfaces and avoiding the adsorption of
untargeted species onto the active waveguide areas used for detection.  The MIT approach has been to
provide methods for incorporating molecular coatings onto the waveguide surfaces that include short
lengths of oligo(ethylene glycol) units that provide inert surfaces.  The coatings are to further provide
sites for further immobilization of recognition sites.  This latter goal—molecular coatings presenting
reactive oligo(ethylene glycol) on the waveguide surface and their surface modification—has been the
primary focus by MIT.

Three basic tasks were planned under Phase II for this effort: 1.) Develop and verify the basic
attachment chemistry, 2.) Optimize the density of binding sites to minimize non-specific binding from
Protein-A per se, and 3.) Patterning of the films on the waveguide surface.  Task 1.) has been
accomplished and is described below.  Specifically, work accomplished to date by the Laibinis group at
MIT is listed below:

• Provided surfaces to the SatCon biological group on waveguide mimics for screening their
adsorption characteristics towards cells of interest.

• Prepared surfaces to the SatCon biological group on waveguide mimics that attach Protein
A and antibodies for investigations of selective adsorption.

• Synthesized molecular agents that self-assembled onto the waveguide surface and provided
surfaces that were inert towards the non-specific adsorption of agents (primarily proteins
and other cells) and to include reactive sites for attaching Protein A and other species by
employed chemistries to these layers.

• Pursued an optimization of the processing conditions required for assembling the molecular
films onto the surfaces of waveguide mimics by examining the effects of time, temperature,
and concentration on the structure and properties of films formed from in-house synthesized
Cl3Si(CH2)11[OCH2CH2]3O2CCH3.  These studies employed characterization methods
including wetting, ellipsometry, x-ray photoelectron spectroscopy, and protein adsorption
experiments.

• Examined the effects of processing conditions on the deprotection of the generated acetate-
protected oligo(ethylene glycol) surface produced by adsorption of
Cl3Si(CH2)11[OCH2CH2]3O2CCH3.  Studies provided the means to produce hydroxyl-
terminated oligo(ethylene glycol) surfaces and to set limits on the reaction conditions
required in order to minimize loss of monolayer during the process.

• Initiated studies for reacting the generated hydroxyl-terminated oligo(ethylene glycol) for
linking Protein A and antibodies to the layers.
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Chemical Synthesis.  To achieve the above goals, the MIT group conducted chemical synthesis,
surface modification, surface reactions, surface characterizations, and studies of protein and cell
adsorption (the latter with Hitesh Jindal of SatCon) on generated films.  The effort in chemical synthesis
focused on maintaining purified supplies of Cl3Si(CH2)11[OCH2CH2]3O2CCH3 for surface studies.  The
chemical synthesis was developed and pursued during the first quarter, with some work during the
second quarter directed to repurifying stock samples and resynthesizing precursors for expected future
needs.  The use of Krugelrohr distillation provided a convenient method for repurifying aging samples
via a vacuum distillation process.

A critical development was establishing conditions for assembling the
Cl3Si(CH2)11[OCH2CH2]3O2CCH3 onto waveguide surfaces and to reveal the protected terminal
hydroxyl-group contained in this molecule once adsorbed onto the surface.  Studies were performed on
silicon and glass samples to optimize this operation.  In the former case of assembly onto the oxide
surfaces, we were surprised to observe thinner films than expected by adsorption of this trichlorosilane.
Examination of different solvents, concentration levels, times of exposure, and temperature lead to our
establishing a preferred protocol for adsorbing the silane onto the oxide surfaces for preparing the most
densely packed and thickest molecular film possible.  We note that the resulting film remains less
densely packed than the films formed from the Cl3Si(CH2)11[OCH2CH2]3OCH3 employed in the first
quarter and the alkyltrichlorosilanes [Cl3Si(CH2)nCH3] often used for generating hydrophobized
surfaces.  The effect on performance of the pure monolayers is not yet clear.  For the targeted mixed
monolayers formed by reacting a surface with a solution containing both
Cl3Si(CH2)11[OCH2CH2]3O2CCH3 and Cl3Si(CH2)11[OCH2CH2]3OCH3 and subsequently
deprotecting the former compound to reveal surface hydroxyl groups, we expect that films containing a
majority of the latter species should show little effect on packing.
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Figure 5-1 below shows results from x-ray photoelectron spectroscopy (XPS) on a film formed from
Cl3Si(CH2)11[OCH2CH2]3O2CCH3 and one subsequently reacted with LiAlH4 to remove the terminal
acetate group.

In the upper spectrum, three peaks are observed for different carbon environments.  Notable peaks are
the peak at highest binding energy (corresponding to carbons connected to the most oxygen atoms) and
the peak at an intermediate binding energy (corresponding here to carbons present in an oligo(ethylene
glycol chain).  The peak at lowest binding energy corresponds to carbon atoms attached solely to
carbon and hydrogen atoms.  After reaction with LiAlH4, we observed a loss of the carbon peak at
highest binding energy, consistent with deprotection of the terminal acetate group and the revelation of a
terminal hydroxyl group.  Under conditions where the reaction conditions were too long, we observed
an overall decrease in the carbon signal, suggesting loss of the layer from the surface.  Various reaction
conditions were examined in order to provide a procedure that resulted in deprotection of the acetate
and maintenance of the film.  The results of these studies produce such a procedure that allows the
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Figure 5-1.  Results from x-ray photoelectron spectroscopy (XPS) on a film formed from
Cl3Si(CH2)11[OCH2CH2]3O2CCH3 and one subsequently reacted with LiAlH4 to removed the
terminal acetate group.
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reproducible generation of hydroxyl-terminated oligethylene glycol) surfaces on silicon oxide substrates.
The next step in these studies would be the development of reaction protocols for activating these
terminal hydroxyl group with Protein A (via coupling chemistry with carbonyl diimidazole), as we have
done on related hydroxyl-terminated surfaces on the silicon dioxide substrates.

Protein-A Attachment.  We also used X-ray Photoelectron Spectroscopy (XPS) to follow the
reactions used for attracting Protein A to the hydroxyl-terminated surfaces (Figure 5-2 below).

In these studies (performed concurrent with studies directed at optimizing the properties of the
hydroxyl-terminated oligo(ethylene glycol) surfaces), we were able to demonstrate and optimize
conditions for attaching the Protein A to hydroxyl-terminated surfaces on the silicon oxide substrates.  In
these experiments, we employed a glycidyl-terminated trichlorosilane to first derivatize the surface and
generate a film containing terminal epoxide groups.  These groups were hydrolyzed to reveal hydroxyl
groups.  A reaction sequence where the substrates were first exposed to a solution of carbonyl
diimidazole and then to a solution of Protein A showed a dramatic change in the nitrogen signal (a
unique element for the protein) that noted its attachment to the surface.  Control experiments where the
Protein A was exposed to the hydroxyl-terminated surface and the step of carbonyl diimidazole was
stepped showed much less nitrogen signal.  The evidence from XPS points to the reaction sequence
providing a covalent coupling of Protein A to the molecular film, thereby providing a robust attachment.
This chemical sequence will be adapted for use on the surfaces derived from
Cl3Si(CH2)11[OCH2CH2]3O2CCH3 and from mixtures of Cl3Si(CH2)11[OCH2CH2]3O2CCH3 and
Cl3Si(CH2)11[OCH2CH2]3OCH3.
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Figure 5-2.  XPS spectrum for attracting Protein-A to the hydroxyl-
terminated surfaces.
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Summary.  The development of the polyethylene (oxide) derived self-assembled monolayer and the
covalent attachment of Protein-A by the Laibinis group provided a ‘teflon’ like surface to small proteins
as well as a robust ligand for the generalized attachment of IgG immunoreceptors.  Avoiding non-
specific binding of small proteins is important to surface based detection methods to minimize the
degradation of the desired signal.  Preliminary laboratory characterization data of the surface’s ability to
resist the non-specific binding of BSA is described in Chapter 10 (Suppression of Non-Specific
Binding).
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Chapter 6 : Model Systems and Receptor Platform Development

Model Systems.  A well characterized cell-antibody complex that could be used as a benchmark for
all experiments was essential for clear interpretation of any experiments. Several strains of Gram-
negative bacterium E.coli (E.coli O2, O10, O27 and O30) and their corresponding antibody were
obtained from the E.coli Reference Center at Penn State University (State College, PA) and their
binding affinities were characterized with both magnetic beads and on solid platform silicon oxide
surfaces.

To accomplish this, the following experiments were conducted and described below:

• The model system was verified for its ability to efficiently capture E. coli cells in solution
using magnetic beads;

• The binding of antibodies to a Protein-A coated solid surface was confirmed;
• The specific binding of cells to their corresponding antibodies attached to the solid support

via Protein-A was demonstrated, and finally,
• The regeneration properties of the Protein-A coated surfaces using several protocols were

explored and reuse of these surfaces was demonstrated.

Protein-A was chosen as an intermediate linker because it provides:

• High affinity to the Fc-receptor region of various classes of immunoglobulins (e.g. human
IgG), thus acting as a specific non-covalent linker and ligand for a variety of different
receptors with a single chemistry,

• Improved spatial and binding orientation of the antibody via Protein-A for improved binding
activity and specificity with its target bacterium, and

• Non-covalent attachment to a wave-guide surface assuring the integrity of the variable
binding region of the antibody and the specificity to its target epitope, often destroyed with
harsh covalent chemistries.

Magnetic beads were purchased already functionalized with Protein-A.  Coated oxide surfaces were
provided by the MIT group with Protein-A covalently attached using carbonyldiimidazole-based surface
derivitization (see Chapter 5).  The initial experiments were conducted on silicon oxide surface; these
experiment were repeated later once surfaces having a self-assembled monolayer of polyethylene oxide
were available.

Description of the Experiments

Model System Verification.  The binding characteristics of the antibodies for the specific strain were
assessed  initially in solution to verify their binding properties for our future studies.  This was
accomplished by using Protein-A coated magnetic beads (BioMAG Iron Oxide Protein-A coated
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Particles, approximately 1 µm in size, Polysciences, Inc, Warrington, PA) in place of a solid surface.
The procedure to bind the strain-specific antibodies and cells to the magnetic is depicted in Figure 6-1.

Briefly, 8.75 x 107 Protein-A coated magnetic beads were used per experiment, and were incubated
with strain specific anti-E.coli antibodies, followed by incubation with corresponding strain of cells (1.2-
1.5 x 108 cells per experiment).   This provided approximately one cell per bead; multiple cells bound to
a bead was not observed.  The cell-bead complex was collected using a simple magnet, washed,
stained with fluorescence dye (Syto 9, fluorescein-conjugated dye, Molecular Probes, Eugene, OR),
and visualized under the microscope.

We have predicted an average value of 59 cells in a 40X magnification microscope field of view (i.e.
40x objective lens) based on the number of magnetic beads, the number of cells per experiment, and
amount of the Protein-A coated beads-antibody-cell complex (i.e. 7 µl).  Cell counts in the range of 50-
70 cells were observed, which is very much in accordance with the predicted range demonstrating that
all binding sites were used effectively.

Detection of the fluorescent cells under fluorescent microscope

Incubation with anti-E.coli antibodies (1:1000), 1 hr.

-Chapter 7

Blocking with BSA (2%), 1 hr

Incubation with E.coli cells (1.2-1.5 x 10 8 CFU/ml), 1hr hr

 Staining of E.coli cells with live and dead stain

.

Protein-AMagnetic bead

-Chapter 8

-Chapter 9

Cell

Cell
-Chapter 10

Figure 6-1. Cartoon showing procedure for obtaining magnetic bead-cell complex.
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In order to determine the specific interaction of the cells, each immobilized antibody type was exposed
to its corresponding strain of cell along with the other three different strains of E.coli.  The binding
combinations and their expected results are shown as a matrix in Table 6-1.

Anti-strain#O2
antibody

Anti-strain#O10
antibody

Anti-strain#O27
antibody

Anti-strain#O30
antibody

Strain # O2 Yes No No No
Strain # O10 No Yes No No
Strain # O27 No No Yes No
Strain # O30 No No No Yes

Results and Conclusions.  The results from the model system verification showed that:

• There was no non-specific binding of the E.coli cells to the Protein-A coated magnetic beads
alone.

• There was specific interaction of the antibodies with the corresponding strains of cells as shown
in Figure 2 below.

o The activities of anti-strain # O2 and O10 antibodies were several orders of magnitude
lower than anti-strain # O27 and O30 antibodies.

o Anti-strain # O30 antibody showed at least 3-4 fold higher activity than the anti-strain #
O27 antibody in terms of capturing the cells (Figure 2).

o There was no cross-reactivity of the antibodies when exposed to the three other
different strains of E.coli.

Based on the above observations, we concluded that anti-strain #O30 antibody represents the best
model system of the four systems tested followed by anti-strain # O27 antibody (Figure 6-2).

Table 6-1: The results of the specific activity of the antibodies with the corresponding strains and cross-
reactivity of the chosen antibodies on exposing to different strains of E.coli.
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Titration Curves.  The anti-strain # O30 antibody was titrated further to characterize its binding
kinetics for the optimum binding of cells.

Ø Antibody Concentration.  To determine the optimum concentration of the antibody required for
the optimum binding of the cells to the antibody, various concentrations of anti-O30 antibody (as
shown in Figure 6-3) were incubated with fixed number of magnetic beads (8.75 x 107

beads/experiments) coated with Protein-A.   Collection, staining, and analysis of the magnetic
beads with captured cells was done as described above. Enumeration of the analyzed cells
revealed that the number of cells bound to the antibody was a function of the increasing
concentration of antibody bound to the Protein-A coated beads, with the maximum binding
obtained at 15 µl/ml dilution of antibody, and further increments in the antibody concentration did
not result in a significant increase in the number of cells captured.

Anti-strain
# O27 antibodies

Anti-strain
# O30 antibody

Strain
# O27

Strain
# O30

Figure 6-2.  Specific interaction of anti-strain # O27 and strain # O30 antibodies attached to Protein-A coated magnetic beads
with their corresponding strains of cells.
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Ø Time of incubation of antibody with Protein-A.. In order to determine the optimum time of
incubation with Protein-A, for the optimum number of the captured cells, the anti-O30 antibody
was incubated for various periods of time (i.e. 15-180 min, Figure 6-4), with equivalent number
of Protein-A coated beads (8.75 x 107 beads/experiments). It is evident from the Figure 6-4 that
the number of cells bound to the antibody was also a function of the increasing time of incubation
of the antibody with Protein-A, as it was linear up to 90 min of incubation of antibody with
Protein-A and further increases in the time of incubation resulted in the leveling off of the capturing

Figure 6-3.  The concentration of anti-E.coli #O30 antibody immobilized to magnetic
beads is plotted against the number of bound E,coli (strain #O30) cells.

Figure 6-4. The time of incubation is plotted against the number of bound E.coli (#O30)
cells bound to anti-E,coli (strain #O30) antibodies immobilized on magnetic beads.
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efficiency of cells.

Ø Conclusions.  The results from the titration experiment show that for the optimal binding of the
E.coli strain #O30 cells with their corresponding antibody, concentration of the antibody needed
was (15 µl/ml), and the antibody should have undergone incubation with Protein-A for about 90
min.  For our further experiments we have chosen the amount of antibody at 10 µl/ml dilution, and
the time of incubation of antibody with Protein-A as 90 min.  These two parameters fall very much
within the linear ranges of the binding of cells with the corresponding antibody.

Verify Activity of Protein-A on Solid Support.   After the model system was confirmed, the activity
of the Protein-A on silicon chips (18 mm x 18 mm) provided by the Laibinis laboratory at MIT was
determined by the direct binding of the FITC-conjugated immuno-pure polyclonal antibodies.  These
were either conjugated here in the laboratory using NHS-fluorescein according to the protocol from
PIERCE or obtained already FITC-labeled from PIERCE, Rockford, IL.  Upon binding of the

fluorochrome labeled antibodies to active Protein-A the resulting fluorescence was monitored under the
fluorescent microscope to reveal the activity and spatial distribution of the antibody-Protein-A
interaction as shown in Figure 6-5. For the purpose of calibration BSA was labeled with FITC as
described below.

This amount of Protein-A can be measured to within approximately 10 percent by monitoring the
amount of fluorescence.  The results are normalized by comparing the fluorescence from protein-A with
the emission from an unlabelled chip (baseline) and the emission from a monolayer of FITC labeled
antibodies (maximum signal).  The latter data was obtained by incubating a hydrophobic chip surface
with the labeled antibody. Microscope images of the respective emission are captured with a CCD
camera and a frame grabber for latter analysis.  Typical measurements indicate 30-40% coverage of
active Protein-A on a wafer; these measurements are confirmed by independent measurements
performed by the MIT group using XPS.   Because the cell is large compared to the size of the antibody
this amount of protein-A is tens of times larger than is necessary to capture a cell.

Binding of Antibodies.  Activity of the Protein-A coated chips was further confirmed by checking the
binding of specific anti-E.coli antibodies for the E.coli model systems obtained.  First, the Protein-A
surfaces were incubated with the anti-E.coli polyclonal antibodies (primary antibodies).  To confirm the

Substrate FITC-Ab
Substrate

Protein-A

FITC-Ab

a.) b.) c.)

Figure 6-5 Schematic representation of the detection of Protein-A activity. a.) Chip’s surface coated with Protein-A;
b.) Incubation of the chips with FITC-conjugated antibodies; c.) Formation of Protein-A – antibody complex followed
by monitoring of fluorescence under the fluorescent microscope.

Protein-A
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binding of the primary antibodies, subsequent incubation of the surface with FITC-conjugated goat-anti
rabbit antibodies (secondary antibodies) was carried out. The fluorescence from secondary antibodies
bound to primary antibodies was monitored to determine the distribution of binding sites (Figure 6-6).

Binding of Cells onto Solid Supports (Chips).  Based on the results from the magnetic bead
measurements in solution, the specific binding of the E.coli strain # O27 and strain # O30 cells to their
corresponding antibodies immobilized onto a solid support was measured.  This was accomplished by
first binding the antibody to the Protein-A coated surface followed by exposure to the corresponding
strain of E.coli cells. The E.coli cell-anti-E.coli antibody complex was then stained with live/dead stain
and monitored under the fluorescent microscope (Figure 6-7).

Results.  Figure 6-8 shows the results of the specific binding of the E. coli strain # O27 and strain #
O30 cells to their corresponding antibodies.  The 18 mm x 18 mm solid surface was exposed to 3.5 x
107 cells for one hour.  Subsequent experiments show the approximately 40% surface coverage (E. coli
#O30) for similar conditions.  If it is assumed that a cell will bind if it comes in contact with the surface,
one can expect approximately 1.4 x 107 interactions occur with the surface under our standard
experimental conditions in one hour.

Cross Reactivity and Non-Specific Binding.  In order to elucidate the cross-reactivity of these
antibodies, the immobilized antibodies were exposed to corresponding strain and a different strain of
E.coli.  Results in Figure 6-5 show the cross reactivity of anti-strain O27 and anti- strain O30
antibodies to unmatched strains of E.coli so chosen for the model system.  Note that the cells seen in

Substrate

Protein-A

Immuno
-

Cel
l

Fluorescent
Stain

Substrate

Protein-A

Immuno
-

Cel
l

a) b) c)

Figure 6-7. Cell Binding. a.) Binding of anti-E.coli antibody to Protein-A; b.) Capturing of E.coli cell; c.)
Staining of the captured cells with fluorescent dye, (SYTO-9, live/dead stain) and monitoring of fluorescence
under the fluorescent microscope.

SubstrateSubstrate

Protein-A Immuno
-

FITC

Secondary
Antibody

Protein-A

Secondary
Antibody

FITC

a) b) c)

Figure 6-6: Detection of the antibody binding to Protein-A coated surface. a) Binding of primary antibody to Protein-
A; b) Binding of secondary anti-body conjugated with FITC; c) Detection of the of the primary antibody-secondary
body-FITC complex by monitoring.
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the off-diagonal pictures in Figure 6-8 represent the only cells seen after searching the entire 18 mm x
18 mm chip surface thus, non-specific interactions are of the order of one interaction in 107 cells.

The results of the binding of cells to the corresponding antibodies immobilized to the solid surface via
Protein-A have indicated that there was:

a).  No non-specific binding of anti E.coli antibodies and E.coli cell to the chips (with diol
derivitization), without Protein-A coated onto them.
b). No non-specific binding of the E.coli cells to the Protein-A coated chips, in the absence of
immobilized corresponding antibodies.
c). Specific binding of the E.coli strain # O27 and strain # O30 to their corresponding
antibodies, and
d). No cross-reactivity of the anti-strain # O27 and anti-strain # O30 antibodies within the
opposite strains.

Anti –strain # O27 antibody Anti-strain # O30 antibody

Strain
# O27

Strain
# O30

Figure 6-8.  Specific interaction of anti-strain #O27 and strain #O30 antibodies with their corresponding strains of cells.
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Effect of time of incubation of cells with antibodies attached to the solid surface via Protein-A.
E.coli #O30 cells were incubated with anti-strain #O30 antibodies for 1 h, 4 h, and 22 h., and the
numbers of cells captured were visualized under the microscope.  Our standard protocol for such
experiments is to place a 18 mm x 18 mm chip flat onto the bottom of a circular dish 37 mm in
diameter.  A solution of 1 ml PSB (containing typically 3.5 x 107 cells) is added next and the dish is
placed on a gyrating table at a speed of 60 rpm.

It is evident from Figure 6-9 that the number of cells binding to the antibody increased quite significantly
from 1 h to 4 h. of incubation of cells with antibodies. However, prolonged incubation for 22 h. resulted
in a decrease in the number of cells bound to the antibody, which may be attributed to death of the cells
or dissociation of cells from the antibody during prolonged incubation.

Based on the results in Figure 6-9, and the assumption that if a cell comes into contact with the chip
surface it will bind, we conclude that the surface is exposed to approximately 40% of the cells in a one
hour period.  In 4 hours, exposure to all of the cells at least once has occurred.

Regeneration.  Regeneration of the Protein-A surface is very common in Protein-A columns (e.g.
Agarose or Sepharose matrices conjugated with Protein-A) used to purify the antibody.  The same
principle of dissociating the bond between the antibody and the Protein-A was employed for the
regeneration of the antibody–binding surfaces for re-usable sensor formats, with Protein-A immobilized
onto the surface.

Two approaches for regeneration protocols were considered, successfully implemented, and listed
below in order of harshness:  Chips were treated with 20 mM HCl and 20 mM NaOH followed by
washing with glycine-HCl (pH 1.7) and glycine-NaOH (pH 12.5).   Alternately, the regeneration of

1 hour 4 hours 22 hours

Figure 6-9.  Binding of E.coli strain #O30 cells with anti-strain #O30 antibody-Protein-A complex on incubation of cells for
various intervals of time.
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Protein-A coated chips was obtained by treating chips with 20% (v/v) acetonitril in 1 M ethanolamine,
pH 12.0.

Chip surfaces coated with Protein-A attached to a polyethylene oxide (PEO) self-assembled monolayer
were successfully regenerated numerous times using both methods.  These chips were reanalyzed for the
activity of Protein-A, the specific binding of antibodies, as well as cell binding. The final results are
shown below in Figure 6-10.

Figure 6-10.  Regeneration of PEO-Protein A
coated chips using two different regeneration
buffer systems.  a.) The specific binding of the
E.coli O30 cells to their corresponding antibody
was first conducted on a new PEO-Protein-A
surface.  The resulting Protein-A-cell-antibody
complex was then stained and monitored under
the fluorescent microscope; b.) The chips with the
bound cell complex (a) were then treated with 20
mM HCl and 20 mM NaOH for 2 min each,
followed by washing with glycine-HCl (pH 1.7)
and glycine-NaOH (pH 12.5).  Following
regeneration, the total absence of any residual
complexes on the surfaces was verified with the
fluorescent microscope.  The cell binding protocol
was then repeated to verify the Protein-A activity
and the specific binding of the E.coli O30 cells.
The bound cell population is seen to be virtually
identical to that in figure a.).  c.) The new chips
from b.) were further subjected to regeneration by
treating with 20% acetonitrile in 1 M ethanolamine
(pH 12.0), and once again verified by specific
binding of the E.coli cells to their corresponding
antibodies.  As before the resulting bound cell
population is virtually identical to the experiments
conducted with the fresh PEO/Protein-A surface.

a.

b.

c.
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Summary.  E. coli O30 and its corresponding antibody obtained from the Penn State E. coli
Reference Center was verified as a model system having good binding affinity, high specificity, and
minimal non-specific binding.  This system was used throughout the program as a reliable benchmark for
a cell system.  The successful implementation of the PEO/Protein-A based attachment system was
experimentally demonstrated (including regeneration) providing a working generalized platform for the
attachment of IgG immuno-receptors.
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Chapter 7 : Non-Specific Binding

Introduction.  While carefully prepared laboratory test samples might be pure enough to allow sensitive
unlabeled microbial detection, the real world is not.  Non-specific binding (NSB) of proteins to active
surfaces is a limiting problem for both labeled and unlabeled optical biosensors, reducing the S/N ratio
by increasing the amount of background.  This obstacle is typically addressed biochemically with limited
results through the saturation of potential binding sites (e.g. through the application of BSA).

SatCon has addressed non-specific surface binding by exploring four different techniques:

i.) Surface engineering through the application of polyethylene oxides (PEO) for a ‘teflon-
like’ surface,

ii.) The use of a reference binding area to subtract out any non-specific binding common to
both the specific and the reference target areas,

iii.) Tailoring the optical response to provide a desensitized region where small proteins
bound to the surface become ‘invisible’, and

iv.) Extraction of extraneous matter through the application of microfluidic diffusional filtering
(H-filter).

Surface engineering of PEO is described elsewhere in Chapters 5 and 10 (Suppression of Non-Specific
Binding).  The effectiveness of a reference channel for reducing NSB, although automatically
implemented when operating the interferometer, was not specifically quantified.  The efforts made to
demonstrate and characterize the optical desensitization technique and the H-filter are described below.

Optical Suppression of Non-Specific Binding.  As their final task, the BU group was tasked with the
demonstration of their optical desensitization technique invented in conjunction with SatCon .  An
experimental plan was generated by BU and experimental work was performed by BU in SatCon’s
laboratory to better supervise the work; in addition, a no-cost contract extension was granted to BU to
complete this task.  Waveguides having different guiding layer thicknesses were specially prepared by
the BU group.  However, the waveguides were constructed using the low-throughput PECVD wafers
described in Chapter 4 (Wafer Processing at Boston University) and once again no results were
obtained after significant effort was expended by the BU group.  The experimental setup was
transferred back to the Goldberg/Unlu laboratory at BU in April, 2002 for continued work and the BU
group has promised to share any new results with SatCon.  Although no laboratory result was obtained
by the BU group, a peer-reviewed paper was published describing the concept1.  It is assumed that this
latter work was performed exclusively with funding other than SBCCOM/SatCon funds as no
acknowledgements are made.  A copy of this paper is included at the end of this chapter in Appendix
7-A.

                                                
1 C. Worth, B. B. Goldberg, M. F. Ruane, M. S. Ünlü, "Surface Desensitization of Polarimetric Waveguide
Interferometers," IEEE Journal of Quantum Electronics, vol. 37, no. 11, November 2001
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Summary of Optical Suppression Technique.  A direct consequence of measuring the difference
between evanescent fields from two polarizations is the ability to block out signal at the immediate
surface in a narrow nanoscale-controllable zone above the waveguide surface.  This effectively makes
the sensor invisible to non-specific binding and is not possible with any other techniques.  While the
evanescent interaction is the strongest for biolayers closest to the surface for each mode as is shown in

Figure 7-1, it is the difference in evanescent fields between the TE and TM modes phase method that
matters.  By controlling the thickness of the guiding layer, the relative response of the two modes, while
each large, can be made to cancel each other out at or near the surface.

Figure 7-2 shows the integrated differential (TM0-TE0) sensitivity plotted as a function of the thickness
of the biomaterial situated on the surface of the waveguide for the two Si3N4 guiding layer thickness
values 166 nm and 88 nm.  The sensitivity has been maximized for the former guiding layer thickness,
however, the latter sensitivity goes through zero for 5 nm of biomaterial thickness.
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This phenomenon is a result of the rapid change of decay of the TM evanescent mode above the mode
cut-off condition.  For very weak guiding (thin waveguide) the relative amplitude of the TM mode is
smaller than the TE mode at the immediate surface, therefore, the phase change of TM-TE will have a
negative sign.  Hence, the optical response can be tailored to minimize the signal produced by an
average thickness monolayer of protein making the instrument effectively blind to the non-specific
binding of molecules onto the surface compared with the signal from large cell.

In Figure 7-2 left, the maximum sensitivity (166 nm guiding thickness) saturates with the increasing
biomaterial thickness at around 300 nm reflecting the extent of penetration of the evanescent light field.
The 88 nm thick guiding layer, optimized for immunity to non-specific binding, has only 40 percent of
the overall sensitivity.  Although the sensitivity is reduced the optical suppression of non-specific binding
results in a larger S/N ratio.  Figure 7-3 is a plot of the ratio of the saturated sensitivity of a thick
biolayer (e.g. a cell) to a thin, 10 nm biolayer as a function of the guiding layer thickness.  A several
hundred-fold increase in the ratio of these sensitivities (i.e. S/N) is seen because for a 150 nm guide
layer, the waveguide is insensitive to a 10 nm biolayer.

Boston University Experimental Plan.  The plan proposed for this demonstration experiment along
with the results received by the BU group are found in Appendix 7-B.

Microfluidic Extraction. To help limit non-specific binding it behooves one to remove as much
extraneous matter as possible prior to entering the optical detection chamber.  This can be implemented
without the need of physical barriers such as conventional filters by employing diffusion within a
microfluidic environment to separate small particles from large particles like cells.  The principle behind
diffusional filtering is shown schematically in Figure 7-4 where two inlet streams combine into an
“Extraction” channel.  Because there is no turbulence the two streams flow side by side in this channel
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with absolutely no viscous or eddy mixing.  The only transport of
molecules from one stream to the other is purely by molecular diffusion,
not requiring any external power sources.  The major factors affecting
diffusion are particle size, solution viscosity, and fluid temperature.  Small
molecules diffuse quickly from the sample stream to the waste stream (i.e.,
the outlet port on the top right) while the large molecules remain indefinitely
in the sample stream and are collected as filtered output (i.e., the outlet
port on the lower right of the H).  Therefore, sample purification can occur
by separating and isolating components without the need for centrifugation
or filtration thus requiring no external equipment other than a small pump.
Since no physical filter is required, there is no risk of clogging.
Microfluidic diffusional filtering technology has been proven in the
laboratory and tested with a variety of substances including human blood.2

H-Filter Development.  A subcontract with Micronics, Inc (Redmond,
WA) was let to design and provide SatCon with their proprietary H-filter
microfluidic systems.   The goal of this effort was to 1.) Evaluate the
performance of the H-filter to separate unwanted analyte from a
population of E.coli cells and 2) effectively separate toxins from cells within a sample in order to make
quality simultaneous measurements.  If successful the H-filter was envisioned to be eventually integrated
into a disposable cartridge containing the waveguides for on-chip sample preparation.  For these Phase
II experiments all processing was to be performed serially in benchtop formats.

Two iterations of the filter were contracted from Micronics i.) an initial demonstration processing a 100
µl sample and ii.) a scaling up in size to process a 1 ml sample within 30 minutes.  In all, there were
three batches of cartridges delivered by Micronics, Inc for testing plus additional samples with a
proprietary hydrophilic surface.  The cartridge developed for iteration ii.) was not able to be successfully
scaled to the 1 ml volume in a usable format and the contract was fulfilled by producing additional
cartridges from the first design (the ‘2nd batch’).

Description of the H-filter.  The main purpose of the tests was to verify performance of the H-filters.
The tests also provided verification and calibration of the analytical models.  This section describes the
basic H-filter operation.  A schematic representation of the H-filter is shown below in Figure 7-5:

                                                
2 Holl, M.R., P. Galambos, F.K. Forster, J.P. Brody, and P. Yager, “ Optimal Design of a Microfabricated Diffusion-Based Extraction Device”, Vol 4, 111-
111, 1997.

Figure 7-4.  H-Filter: Two separate
inlet streams, a reagent and a sample,
combine into an Extraction channel
that has the precise dimensions to
separate large particles (non-
diffusing) from small particles
(diffusing) for a given low Reynolds
number flow.  The small particles are
drawn off the top while the large
particles are drawn off the lower leg2.

Diluent

Cells
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gravity
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Figure 7-5: Schematic Diagram of the SatCon H-Filter.

The function of the device is to remove smaller particles from a sample solution, while recovering larger
particles.  The output or product of the H-filter is a solution that contains a reduced concentration of
small particles, with nearly the same concentration of large particles.  The success of the H-filter
depends largely on the relative difference in particle sizes.  Particles that are similar in size will not
separate well, however, particles of very different sizes can be separated very efficiently.

The operation of the gravity-fed H-filter is straightforward.  The fluid sample containing the analyte
particles is inserted in the sample tank.  The buffer tank is filled with the receiver solution, which serves
as the solvent in the diffusion process.  The cartridge is oriented vertically (or tilted at a specified angle)
during operation and the sample and buffer streams flow into the main channel.  The process is complete
when the sample and buffer tanks are emptied, corresponding to the product and waste tanks being full.

The device performance measures are recovery and removal.  The particle recovery is defined as the
ratio of final concentration in the product tank to initial concentration in the sample tank.  Likewise, the
particle removal is defined as the ratio of final concentration in the waste tank to initial concentration in
the sample tank.  The design specifications for the first generation H-filter are given in Table 7-1.
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Table 7-1: H-Filter Design Specifications.

Feature/Characteristic Specification

Sample Volume 0.1 mL

Buffer Volume 1.0 mL

Processing Time 10 min

Large Particle Size 2 µm

Small Particle Molecular Weight 70 g/mmol

Fluid Viscosity 1.0 cP

Fluid Specific Gravity 1.0

Removal of Small Particles 85%

Recovery of Large Particles 95%

The first generation H-filter was specified to handle fluids with properties similar to water.  The tanks
and channels in the device were designed to recover at least 95% of 2-µm particles, and remove at
least 85% of 70 g/mmol particles.

Preliminary Tests.  Four basic experiments were performed to verify the initial performance of the first
generation H-filter:

1. Test the recovery of 1.02-µm polymer beads.
2. Test the removal of Bovine Serum Albumin (BSA, Molecular weight is 68 g/mmol).
3. Test the recovery of live E.coli 030 cells.
4. Test the removal of BSA in the presence of 1.02-µm polymer beads (multiple species

diffusion).

The first three tests were essentially binary diffusion processes, with a single diffusing species in the
sample solution.  The fourth test was a multi-component diffusion process, with two diffusing species in
the sample solution (BSA and polymer beads).

Procedure.

1. Prepare a 0.1-mL sample and measure the particle concentration using a spectrophotometer.
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2. Dispense the sample solution into the sample tank in the H-filter, and fill the buffer tank with the
solvent fluid.

3. Place the H-filter on the test stand to initiate the run, and use a stopwatch to clock the run time.
4. At the end of the run, use a syringe to remove the product and the waste.
5. For measurements of large particle recovery, measure the concentration of the product solution

using the spectrophotometer.  Compare the recovered particles to the initial particles in the
sample solution to assess the recovery.

6. For measurements of small particle removal, measure the concentration of the waste solution
using the spectrophotometer.  Compare the removed particles to the initial particles in the
sample solution to assess the removal.

Test Results and Discussion.  The results of the four basic tests are presented below in Table 7-2.  In
addition to the experimental results, the analytical estimates from the SatCon model are listed for the
applicable tests.

Table 7-2: Preliminary H-Filter Experimental Results

Test Description Test Results Model Predictions

Recovery of 1.02-µm polymer beads 91% 81%

Removal of 68 g/mmol BSA 62%, 69% 77%

Recovery of live E.coli 030 cells 85% Not Applicable

Removal of BSA with suspended beads No Test Data 77%

Ø Test 1: Polymer Beads Recovery.  The result of the polymer beads test verifies the successful
recovery of large particles.  The H-filter was originally designed for 2-µm particles with a 95%
recovery specification.  The recovery of 1.02-µm beads was measured to be 91%; this is a
good indication that the design specification of 95% recovery of 2-µm particles would be
realized in practice.  The analytical model predicted a lower recovery than what was measured.

Ø Test 2: BSA Removal.  The BSA removed during this test fell short of both the design
specification and the analytical model.  The device was designed to remove 85% of the small
particles (70 g/mmol), but the measured removals were 62% and 69% from 2 independent
tests.  Additionally, the analytical model predicted a removal of 77%.  The reason for these
discrepancies is not understood.

Ø Test 3: Live E.coli 030 Cell Recovery.  The usefulness of this particular test may not be
obvious, but indeed this test served as an indication of the mobility of the live cells.  Because the
cell size (1-5 µm, non-spherical) is similar to the polymer beads (1.02-µm, spherical), it is
expected that the recoveries of the two would be similar, and indeed they were (91% for the
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beads, 85% for the cells).  One possible explanation for the lower recovery of cells compared
to beads is the mobility (swimming ability) of the live cells.  Any significant cell mobility will
effectively increase the apparent diffusivity of the cells therefore decreasing the cell recovery.
Further tests should be performed to verify this hypothesis.  If cell mobility is deemed important,
then it should be addressed in future h-filter design generations by modifying the diffusivity value
used in the design calculations.

Ø Test 4: BSA Removal with Suspended Polymer Beads:  Unfortunately this test was
unsuccessful.  It is believed that the procedure used for this test was flawed.  The test involved
the same basic steps described previously, except that the product solution was spun down with
a centrifuge, and the liquid components were manually separated from the solid beads prior to
analysis in the spectrophotometer.  Apparently, the product solution was not spun down long
enough, and there were trace amounts of solid beads still in the spectrophotometer sample.
This led to an erroneous BSA concentration measurement.

Test Results for All Batches.   Similar experiments were performed for the other batches of 100 µl
sample cartridges.  Again, three basic measurements were performed to test:

1. The removal of BSA.
2. The recovery of live E. coli O30 cells.
3. The removal of BSA and recovery of E. coli cells from the mixture of BSA and viable

E.coli cells.

The first two tests involved single diffusing species in the sample solution, whereas the third and fourth
tests had two diffusing species in the sample solution (BSA and E. coli cells). The basic experimental
protocol common to all tests is summarized as given below.

a. Prepare BSA solution as well as suspension of the overnight grown E. coli cells in PBS and
observe the absorbance (for BSA at 280nm and for E.coli cells at 600 nm, respectively)
using spectrophotometer.

b. Fill the buffer tank with PBS and dispense 100 µl of sample into the sample tank.
c. Place H-filter at 30o, 45 o degree or at vertical position to initiate the run.
d. At the end of the run, use a syringe to remove the product and the waste.  In order to

determine the removal of small molecules (i.e. BSA), measure the absorbance of the waste
solution and compare it that of the staring/ initial sample solution.  To determine recovery of
large particles (i.e. E.coli cells), measure the absorbance of the product solution and compare
it with the absorbance of the sample solution.

Results and Discussion.  The results of the first two tests are presented below in Table-7-3 and the
results of the third test are given in Table-7-4.
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Recovery of E. coli Cells Removal of BSA
Card
Orientatio
n

1st

Batch
2nd

Batch
Hydrophilic
Coating

1st

Batch
2nd

Batch
Hydrophilic
Coating

30 0 57% 77% 72% 79% 79% 82%

45 0 60% 68% 74% 84% 88% 87%

90 0 54% 64% 67% 62% 84% 78%

Recovery of E. coli Cells Removal of BSA
Card
Orientatio
n

1st

Batch
2nd

Batch
Hydrophilic
Coating

1st

Batch
2nd

Batch
Hydrophilic
Coating

30 0 60% 75% 70% 86% 91% 82%

45 0 62% 70% 66% 87% 94% 88%

90 0 60% 67% 67% 84% 92% 78%

Table 7-4. Separation of E.coli cells from BSA in the mixture of BSA and E.coli cells.

Table-7-3. Recovery of E. coli cells and removal of bovine serum albumin (BSA) using three different
batches of H-filter cards.
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Test-1: Removal of BSA:  The BSA removal using all three batches of H-filter cards was between 78 -
88%.  In all the batches of filter cards, the maximum BSA removal was achieved when the cards were
operated at 45o degree.  However, the cards from the 1st batch gave very poor removal of BSA when
operated in vertical orientation.  Of all the filter cards, the cards with hydrophilic coating were very
convenient to handle and there was no difficulties with bubbles or air pockets in the main channels.

Test-2: Recovery of live E.coli cells:  Recovery of live E.coli cells using H- filter cards from 2nd batch
as well as with hydrophilic coating was to the order of between 67% and 77%, whereas, the card from
1st batch gave very poor recovery of E.coli cells (i.e. between 54-60%).  The overall recovery of live
E.coli cells using all three batches of H-filter cards was very significantly lower than the 95%
specification.

Test-3: Removal of BSA and Recovery of E. coli from a mixture.  Products from the product tank
containing recovered E.coli cells as well as from the waste tank containing removed BSA were drawn
out. The product from the waste tank was spun down at maximum speed in clinical centrifuge to pellet
down the E.coli cells (unrecovered cells) and the absorbance of the supernatant was taken to determine
the BSA removal. Surprisingly the values for the removal of BSA from the E.coli cells suspension were
comparatively higher than the values of the removal of BSA without E.coli cells, using filter cards from
1st batch (84%-87% as compared to 62%- 79%) as well as from 2nd batch (91%- 94% as compared
to 79%- 88%). However, the removal of BSA using filter cards with hydrophilic coating was same in
the absence of presence of E. coli cells.

Recovery of live E.coli cells in the absence or presence of BSA, using all three batches of filter-cards,
at all three orientations didn’t show any substantial difference.

Summary.  Significant testing was performed to evaluate the Micronics H-filter as a method for ‘on-
chip’ sample preparation.  The design of the system depends critically on the viscosity and specific
density of the constituent, thus, the sample must be very well characterized for effective use.  No
clogging was observed with the cell suspensions used and difficulties with trapped air were minimized
with experience.  The devices tested were more effective at separating out the small molecules than
recovering the larger cells.  Typically, cell recovery was only 70% of the originally specified 95%
recovery.  Improved cell recovery can be obtained but at the expensive of significantly less small
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molecule cleanup.  We have concluded that the H-filter as tested would serve no obvious advantage for
automated sample preparation.  However, the laser fabrication process used for making inexpensive
disposables is an ideal candidate for the consumable cartridge including the waveguide.



Appendix 7-A - 1

Appendix 7-A: Surface Desensitization of
Polarimetric Waveguide Interferometers



lEBE JOURNAL OF QUANTUW ELF^TTIiONICS, VOL   3T, »0. M, HOVDMDER, WOI ' 1 

Surface Desensitization of Polarimetric Waveguide 
Interferometers 

Ck^in Worth, Bennett Goldberg, Mi<:hafl Ruane, Selim L'nlu 

AbatrdcL 

Non-B[i«;]fic liurfaw bmilLnj^ oE^tnall prnwjn utolpfulw iicfflenis a iiiajoi n&siacle m Huifftrp T^jo-Kieina lefhrLinnitt iiipmijurp [& ileuct 
"niy law ccjncentraliunb (< I pg/mm^) uf lajge bichiglcal ubj«l£ bucbi lU CElLb ajid boiLviu, UoienBiEi zatioD DE a pnlAninptnc wavpguiilf 
irLi^wPernmerer pllminBies the biu^^rounil imigp ftom uoQ-^peclfii; suilacp tiiidiit^ We deiiioimiiale iKe atnliij lo mcn! iM f^tse ftpri6Jijvny 
[tl A iwavpguiil? inLEtfpnjTHElQr a^ a Jlinctkin i?f lh? diHlanc? erf ihe blilopcal urchcml^dl ana]>te fcnm lb? wa^^guuk surlac? Ii '\s pifuM^r.!) 
design atppn»r ihaL h« r«i4 iieiiaiirlkLEy ai a pvlJculu lUoaucF uhete Lkoo^epccLnc suifau bindkiL^ «cura hvSihdui aEJiiRcaatly rpJucinH ittn 
»milivklf 10 biBBr, taigel biolcieiirdJ :?p«:k4. 

Ir  iNTaOllUCTlON '! 

OPTrcAL techniques for dettctin^; ]ov coriCdnlraiions of cells or bacteiia in solutiun havp becume popular cvtr the 
past fen ycars|lj, f?|. In |>artrcular, wavt^uidc LnWrr^rometry lias (He [lotcntial to become mi elTectJvt approach for 

bi08eiisiii|!|3|, |4|. Wave^ide intcifErometrj' eKplml* dianges in tht guided nwdta of A wavegpiidt caoiied by biolo^icaJ 
paitirJis Ah-nv^ fiti- navcguiclr Aiirf^jT Thr biologifcil particles alFect iHe waveguide modes b> int^acting with the 
r\'an(*miE clefiromagnpT.if fipldf ab<vji^ thp wavpguidp. Whilp ncher opUcnl Inosfliiang technifjiies, e fi- Total [utemgl 
Rf^pftion Fliun<:^if'*ncp(TIRF)|S|^ |fi|, 9f[m pari.irlr? fin dftection *irli [irocesses sudi as tajigmft witli fluorescent 
mjirkprs, wavpgiiidp infiTferometry detpns a pariLrular aperips with riirniically wlffti^T surfacr b^ndnlg sites. Rrcausc; 
any particlt buund tu the suifact c^iK*;* n didiiK^ in the ltj[:a] ind(f>: uE refraction aiid e^'aotiicenl. lipldii^ the pJTectivfni-^ 
tif beleclive binding chemifttiy dnermineii how well the biGseiL'ior C-TII dL^tinguish smiyi numbers of The desired particle 
type. Perfecting selective chemical binding tpfJiniques for specific particles is a major challenge facing Iwospnsnrt. 

Tliifi |>apCT descHbts a purely optical rnethud of di^tinguibhing between apanlically and non-apedfically bound par- 
ticles^ baHvi on parrirLp ^izp aiul di^rAnrc aboiT tin? wave^^iude surface. Tii most biosen^iiig application^, speciriealLy 
boTind particles— snch a& bartpiia— nii; mifch larger ('ipi'eiel mieron^ across) than non-^pecifically bound paiiicls^ 
typically proteins (several nm anoss). We show thai tuning the ei'anesceni field poLiriTation mode* desen^tL?^s a thin 
[20-30 nm) layer above the waveguide surfaceH reducing the response tn non-specific binding by a factor of one himdr^ 
or more. 

ll- MODE Ut^iiAvion OK P^H KVAHE^OEMT WAVKGUIDE INTKHFEHUMETER 

A.   Wave^ide Modes 

A slab waveguide consLsta of multiple dielectric: layers, each with different refrartii'e indices, sl.acked along the K. 

dimenbloii IFig, 1] Ui foim a guiding layer with upper and lower buf!er layen^. The ^ab has Infinite extent in the 
remaining y ami i diineiisloiis. The giiLding layei supports a propagating liglit wai-e wiib evanescent tails. Solving 
Maxwell'j^ eciiiations AIIOWA that, the propagating light has a stationary ^nusoidaJ ainplltude profile in ti^e x-directioii 
(Fig. 2) with exponentially decaying e^'anesceni fields in the buffer layeis and Leyobd. Tl^e elcctiic field Jii the gmdiEi^ 
layer is ^uen by: 

Tfae total ¥javevectijr of the light, it is determined by the index of refraction oE i^he guiding medium according to: 

where i^f = i[5 js the fiee-space wave^tctor.   iTie boundary com^tions ah each interact njquire the i-e^Hnponent of 

Culin V\^?rth IE a graduate BtiidQnt ol Lh? BoBtOa UnlveiBity fhysiiE d^paitm^nt   rnialL: cwuithSultra bu.adi] 
Utnnetl   Lkrldberg  in  Prjf«Eior uf PhyiliH  and  PmleaDor <;E ElEcUiciiJ  liJid  CuiniHiLar  Enginttring U  DCRHUH   Uoivi^aitj.     QDlit; 

MidiA^I ilu^t is l'n>1isaor ti[ ElutritaJ ii Cllnipuo:r Lnfiliieuiiig ai UuaiUii Univemicy, Cmiil. mfjGbu,cdn       ■■'■■■    " ■".'' ■» 
S-!\ini Unlu is PPJ^AKC H?f tL«tEEcaI b Conipiiler LnginefirinB al Bueloii Unlvenil^. HKnaJI. iielinidphaLun btr,^Ci        :.'-':: :: .'^ r-' 



[EEC JOURNAL OF QlfAr*rUM CLECTHONICS, VOL, 3T, NO- II, NOVTWHEH, SML 2 

the wavevectoc to be conserved. *, is called tKe t>rot>aeAtion roiiAtant, /3, of iKe mwie. A rundamenr^ propTty of 
wavi?giiidcs bi that mode Eolutions exist only for paiticulai. discrete \alues of &. The guiding layer [hicloiess, tj, is 
chosen to allow only tno propagating modes, Tfy aod TMo. which have ortJuiganal polarizations, t^ is typirially on the 
order of 100 nm for A = 633 nm. 

B   Mfiti-^-mmg Changea m the l^yopaf/aii'fl^ Contlititl of Wttve^idn^ Modfis 

[nterferomelry measures relative phase shifts between tno coherent beams of hghl by ohHTving their interference 
fringe pattern. Any change in the optical path length of one of the beam& causes a rt^ultant bhifc in the inteiferE^ce 
pattern. In waveguide inierferoiuetry, the iwo bpaiii;; rorrespond to the two lowest yrdpr waveguide modes, TKQ and 
T.Mn. Binding of many biolo^caJ panicles to the waveguide surface chaiages the mde>: of refraction or a thin layer above 
the surface, leading to a. t^iaiige in the dielectric boundary conditions that dei:eniLiLie the mode propat^alloii cojisiants. 
The r^hange in the propigalion con&tanrs leads to a change in the optical path length of thi' light, and a lOlaJ phase 
shiftj Ai&, propiutLonal to the a^frage change in the propa^tion coiisrant per unit length, d^, tii[ies the Inieraftion 
length, L. 

:id> = A&L. (3) 

Wh«i the two mode are Interfered, the overall phase shift in the interfciencc pattern is equal to the reiolive phase 
shift betop^^n the Iwo modes: 

M = AtfTH - A^E = (A^„ - A&TE)L (4) 

C- Fonimlaluin of SeTt.fiii"it\i 

Modal pha^ shifts due to binding of Mulugic^ pajticies to thf^ waveguide surface nia be ei^imated by lepresentmg 
ihebiolo^cal matler by auniibrm dielectiic layer located above the wav-eguide. Fur wide>pre!Ld binding i)f many small 
particles, as in non-gpedfic Ending of proteiJis, this uniform model is appn]piiat£. 

To determine the response of the waveguide to changes in the hioiayec mde-i, for particutar ^-alucs of the layer indicrs 
and (Jiickneses, n, and i^. we numerically ob».^n the propagalion conslentsfSJ, &rht and OTE for two cases- Fiist, we 
consider m without the nonspecific binding species. Neitt. we change TS bi' a ^mall asnoimt, Attj, (1^ typically) to 
represent the effect uf i^iin-specilic lunding, and again solve for the propagation ronstants. The sensitivity for e^h mode 
is propDLtional to the cliajiiife in tlie propatcalion constant divided by the change An^. To define the sensitivity, ij^e fii^t 
dcline a iiormaJL;^ pn^iagatiuii constant or elTective index: 

n.// ^ £ (5) 

The Sensitivity trf eaich mode is defined as the change in the effpctive index of [he mode dii'ided bj' the cliange ui the 
biolayer IndeK. 

^-^^ (7, 

The differcntlaJ seiisitivityj AS, )s then 

AS = STU-'STB. («) 

Id. RESULTS AHM DiscnissioN 

Both the 7'Mij and TEQ modes respond to refractive index changes near the wavc^ide surface. Howe^flr, thp in- 
lerferOmPtric measurement signal responds to relative idianges between the two modes. To maidmize interfemmetric 
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mrregpondiiLg to i ftuidiii^ layer t>iic).iiess i, = 87 mn- Although the saturattd dif!erential sensitivity (important for 
detediion of large partlrlesl is reduced by a faftoE of 60^, Fig. 5 shows that the biosensor is essentiaJly blind to bincUng 
of ^nialt particle.* from a fe^* Angstronip lo ?ll nrn in thickiiF'SS- A couLiiarisori of tlie curves for tg=S7 nm &nd (j=!CG 
nm shows that the average senativity to small pariLrhs in the range 0 nm < U < W nm has be*n reduced by a factor 
of 100^ and [Jioteins or ctflla a^ largi- ab .1[J nm picHiiice a signal almost iwenty limes le^s ihan they would haxT in a 
non-desen^tized system. 

The sensitivitj' of a waveguide mode to a particular uniform biolayer is related to the proportion of the mode mienslty 
contained in The evanesceTLl fields interacting with the biol^ier, ']\jtNamine closely the mechanism of the desensiti^iaxion, 
the two nornialii^ed TEfl arid TMQ mode profiles fot a wa^'eguide c^timized for high differential sensitivity (Jj = 166 nm) 
are shown m Fig. 6. Fift. 6 ^so shows the mode profiles for a guiding layer t^ =S7nm. The most significant difference 
between the two modfs IR ihe large electJic-iield discontintiities for the TM mode at the guiding laypr boundaries due to 
the component of the eler'jic field normal lo the boundane, resulting in a higher evanescent lield strength for the TM 
mode than for TE mode, for both thinner and thicker biola>era. Fig- 3 displa>ed the rtlativeaenstivitits ofthe TEand 
TM mode fen a thin 10 nm biolay« for tbLi vaJue of ij, showing that the TM mode has a much greater itsponsc- For 
a guiding layer ihidcness, tg = 87 nm^ the field intensity nf each mode rclatiLe to ihe total mode intensity is identical 
at a distance of 21 nm above the waveguide. Thus, the change In the optical p»Xh Wigrh is ideucical, leading to v.ero 
sensitivity at this point. 

rv. CoNCT.i.'SJONS 

Potarimelric wa.vc^ide intetferometers use the differential phase shift between two i^rthognnal wa\'eguide modes to 
detect l»oinatcrials bound to the wai cguidc surEafCr The diflerential interference technique and the complex response 
of wa%Tguide modes to changes In wa^Tguide thickmss allow us to tailor the optical phase response of the biosensor lo 
discriminate against non-sppnfir binding of small molecules Such asprotE^nf. Interferometric optical sensuir^ are hinda- 
iiientally hmiifd not by th«r optic:aJ phase resfJiition, but by rhemical processes at the waveguide/biolayei interface, 
especially iiuii-specific binding of proteins. We believe thai tbe method of surface deseijsitlzatiou reported here wJl! allo* 
residra severrd orders of magnitude better than previously reported for the deiertion nf large molcculs such as baccena 
bound to a wai eguide surface. We are also impEementing a doubly-diSerential technique to compensate for thei mal and 
concpniralioiL grattents within the waveguide and sample. The latter efiecta may play a greater roleortce ihe signal due 
to non-spprific binding is reduced by desensiti^aUon. 
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Appendix 7-B: Experimental Plan for
Optical Surface Desensitization
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Boston University Biosensor Group: C. Worth, M. S. Ünlü, and B. B. Goldberg

October 11, 2001

Plan for measuring surface desensitization in optical polarimetric waveguide
biosensors

These experiments will demonstrate optical surface desensitization in polarimetric
waveguide biosensors. We will use a HeNe laser to end-fire couple into waveguides with
three different guiding layer thicknesses to measure the dependence of the phase
sensitivity measured with both surface layers and bulk media on guiding layer thickness.
Bulk measurements will be carried out with a sucrose solution.  Surface measurements
will be done for several protein types.  Our purpose is to show that the near-surface phase
sensitivity is reduced by several orders of magnitude for the thinner waveguides, whereas
the bulk (saturated) sensitivity is only reduced by a factor of 2-3.  The latter reduction
applies to measurements of large biological molecules and cells attached to the
waveguide surface, such as bacteria, whereas the former reduced sensitivity applies to
non-specific protein binding near the surface.

There are two general types of experiments that must be performed in order to
acquire the needed data and show the intended surface desensitization.  Task 1 is the
characterization of the biolayer specifically bound to the waveguide surface.  Both the
height and the index of refraction of the layer must be measured for the most accurate
determination of the effect of the waveguide guiding layer thickness on the differential
phase. Task 2 is the characterizing of the experimental setup and taking of data with the
polarimetric waveguide interferometer for both bulk solutions and surface-bound
proteins.

These two experimental paths can be carried out in parallel. Pieces will be
prepared for characterization in parallel with the waveguide interferometry work.  In
addition, once successful results have been obtained using the biosensor, at least one
waveguide of each type will be put through the same characterization process described
below and compared with results on previous samples.

Appendix A lists our inventory of waveguides and samples, and the work required
to complete the samples necessary for the experiments.  Appendix B lists the protein
types available for testing.  Appendix C shows predicted outcomes of the interferometry
experiments for each biolayer/waveguide thickness combination, and a plot of the
biosensor sensitivity with crosses indicating data points that will be hopefully determined
experimentally.

Task 1: Biolayer Characterization:

General: Characterization of the biolayer requires preparation of test samples at Satcon,
and analysis at BU (AFM, Reflectometry) and at MIT (Ellipsometry). AFM
measurements, if successful, will measure the height of the biolayer.  If the height is
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known, Reflectometry and/or Ellipsometry can determine the index of refraction of the
biolayer.  In addition we will try to determine the uniformity of the layer to find out if we
have a monolayer of protein.  Ellipsometry has a beam size of about one square
millimeter and will thus be limited to measuring the gross uniformity.  We will scan
small areas of the surface (~5 µm) with the AFM to determine local uniformity.  This will
be performed on four different sections of each sample surface.

In the sections below, we describe the sample preparation, the required samples
and configurations for the characterization steps for both AFM and Ellipsometry
experiments.

Sample Preparation for Characterization: The following is a step-by-step outline of
sample preparation for each of the characterization experiments.  In all cases, the
waveguides are prepared at Satcon by the following procedure.

1) Immerse in a Pirannha solution for cleaning.
2) Immerse in an OTS solution until saturation occurs (10 hours is sufficient).

The OTS forms is a thin (1-2 nm) layer which creates a hydrophobic surface
for protein binding.

3) Expose the surface to a solution consisting of the protein and a PBS buffer.  In
the biosensor experiments, the protein will be applied dynamically by flowing
across the waveguide surface.  Therefore several samples should be coated
with biolayer in this fashion (see below).  For characterization only, protein
can also be added by immersing the waveguide in the protein solution.  This
result can be compared to the result obtained using the flow cell.

Ellipsometry:  Ellipsometry will be carried out by Paul Lebinas at MIT.  To obtain data
by this method, the biolayer must be applied to a silicon substrate (without a guiding or
buffered oxide layer).  Data will be taken with an ellipsometer with and without the
protein monolayer. Therefore silicon pieces coated with protein, and silicon pieces coated
with OTS only are required. The protein will be applied through both the immersion
coating at Satcon and flow cell coating to compare the two protein application methods.
The labeling refers to the particular silicon piece, S1-S6. The experiments require 6
silicon pieces (S1-S6) for each protein. The following set of procedures will be applied to
each protein, with the samples reused in between experiments. Following the
experiments, we expect to obtain height and refractive index, as compared to the bare
OTS surface for each protein. We expect also to be able to test for any differences in the
protein coating methods.

1) Coat all with OTS at Satcon
2) Coat 2 w/PROTEIN  in lab at Satcon (S1,S2)
3) Coat 2 w/PROTEIN  using flow cell at Satcon (S3,S4)
4) S5, S6 are left with OTS only
5) Samples taken to MIT for analysis of protein height and gross uniformity.

AFM and Reflectometry:  AFM and reflectometry measurements will be carried out at
BU.  Professor Chasen of the BU physics department will assist with the AFM work.
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Reflectometry will be carried out in our lab at BU on the setup of Professor Swan.  The
AFM will determine the height of the biolayers, which together with the reflectometry,
can determine also the refractive index. The experiments require 6 166 nm waveguides,
labeled R1-R6, which again can be reused for each of the proteins.

1) At BU, do one reflectometry measurements on each waveguide in a cuvette
region prior to coating the surface. Make sure that the color of the facets are
uniform.  

2) At Satcon, coat all 6 waveguides with OTS
3) At Satcon, Coat 2 with PROTEIN in lab (R1, R2)
4) At Satcon, Coat 2 with PROTEIN using flow cell (R3,R4)
5) R5,R6 OTS are left with OTS only.
6) Repeat reflectometry on each to determine thickness to obtain thickness/index

data.
7) Perform AFM measurements of the biolayer height for waveguides R1 and

R3.  Professor Chasen has suggested a method of removing a piece of the
biolayer using the force of the AFM tip in tapping mode (wet), and then
measuring the depth of the removed section.  We have demonstrated this
technique, which removes a local section with the added AFM tip force of
tapping mode. This will provide a step edge for measuring the biolayer height.
In addition, we will scan the surface in four places (10 micron scans) to look
at local layer uniformity on several sections of the surface.

Outcome of Task 1: Data from the ellipsometry and AFM and reflectometry
experiments will be compared. We expect to have a determination of the height to within
+/- 0.5nm, and index to within about 3%. These numbers will provide sufficient
resolution to use the data to demonstrate surface desensitization.

Task 2: Waveguide Interferometry:

General: In the following, we describe the requirements of phase resolution necessary to
show the effects of surface desensitization, the characterization of the interferometric
setup, and the waveguide biosensing experiments we will perform.  The latter
experiments look for surface desensitization by measuring the phase response of the
biosensor to different proteins for three different guiding layer heights.  Figure 3 in the
first appendix shows the theoretical waveguide sensitivity as a function of biolayer height
and waveguide thickness, and the crosses indicate the points on each curve that these
experiments will map out.  By comparing the points on the 85 nm and 103 nm waveguide
curves to the results for 166 nm waveguides, for proteins and bulk solution
measurements, we will demonstrate the desensitization effect.

Required Phase Resolution:  Our phase resolution must be high enough to measure the
phase response for each protein and waveguide.  Predicted phase results are given in
Appendix C, Table 1.  The minimum expected phase shift is –3.2 x 10-1 cycles for an 85
nm waveguide response to lysozyme. To make this measurement, we require a phase
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resolution of at least 10-2 to 10-3 cycles.  In past work, Dr. Ron Rieder of Satcon obtained
a phase resolution of 10-4 cycles.

Characterization of interferometric setup:  In order to determine the accuracy of our
measurements, and consequently the minimum detectable phase signal, we will take a
half-hour set of interferometric data for an open path interferometer and measure the
RMS noise of the signal from the detector.  If necessary, we will take 10 minutes of
unfiltered data at 40 kHz to obtain the PSD spectrum in order to identify specific noise
sources.  Finally, we will estimate the long-term DC offset drift of the detector.

Bulk Solution experiment:  The following experiment will be performed first once the
characterization of the setup is complete. The experiment measures the response of each
waveguide to a bulk sucrose solution with a known refractive index.  This data measures
the biosensor sensitivity to samples large enough to saturate the evanescent fields at the
waveguide surface, such as bacteria.  The experiment will be performed first because it
produces the largest phase response and can be repeated without removing and cleaning
the waveguides.  Therefore, we will be able to easily make a number of trial runs to
ensure that the setup is producing consistent data.

 Method: The following experiment will be performed at Satcon on three
waveguides, one with 166 nm guiding layer height, one with 103 nm guiding layer
height, and one with ~85 nm guiding layer height.  The solutions used will be de-
ionized water (as a buffer), and a sugar solution of known refractive index.

Process steps:
a) flow buffer through flow cell for 20 seconds and record phase
b) flow sugar solution for twenty seconds and monitor change in phase
c) flow buffer solution for twenty seconds and monitor change in phase
d) repeat b and c using different flow rates and compare results

Outcome:  This experiment will give us the bulk phase sensitivity for each type of
waveguide, providing the three data points shown on the first plot in Figure 3.  The
phase response will be determined with an accuracy of 1% or better.

PROTEIN layer experiment:  The following experiment measures the phase response of
the biosensor for different protein and guiding layer heights.  Each experiment described
below must be repeated for each protein type, reusing the waveguides inbetween
experiments.  A list of proteins and approximate layer heights are given in Appendix B.
These experiments will provide the data points indicated by crosses on the second plot in
Figure 3.

1. Thick (166 nm) waveguides:  In this experiment, protein is flowed across a 166
nm waveguide and the phase response is measured.  Experiments on thick
waveguides will be carried out first because the phase response will be the larger
than for thin proteins, and therefore easier to detect.  If necessary, we will repeat
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the experiment and vary the flow rate of the protein to determine the flow rate that
induces the most surface binding.  This experiment requires 2 polished thick (166
nm guiding layer) waveguides  (labelled R7 and R8, see Appendix A).  The buffer
solution is PBS.

a) At Satcon, coat waveguides with OTS as described in the
characterization section.

b) Mount waveguide in interferometry setup.
c) Flow buffer solution through flow cell for one minute
d) Flow PROTEIN solution until phase measurement saturates
e) Flow buffer solution for thirty minutes to clean bulk solution
d)   Experiment may need to be repeated with different flow rates.  If more
than two runs are required, surfaces must be regenerated overnight.
e) once successful results are obtained, one waveguide will be
characterized as described in Task 1 in order to compare with previously
characterized samples.

2. Thin (103 nm, 85 nm) waveguides:  This experiment is identical to the first,
except that a 103 nm waveguide (labelled D1), and an ~85 nm (labelled E1)
waveguide replace the 166 nm waveguide.  The flow rate used is the same as
determined in the previous experiment.

a)  At Satcon, coat waveguides with OTS as described in characterization
section.
b)  Flow buffer solution through flow cell for one minute
c)  Flow PROTEIN solution until phase measurement saturates
d)  Flow buffer solution for thirty minutes to clean bulk sln
e)  After the experiment, the waveguides will be characterized as
described in the characterization section.

Outcome of Task 2:  The data from these experiments will map out the sensitivity
curves in Figure 3.  The phase resolution of the measurements will have an accuracy of
10-2 or better, as determined by the characterization of the optical setup.  For the smallest
data point, this corresponds to an accuracy of 1%.

Conclusion:

Comparison of the data obtained in bulk solution biosensing experiments and
protein layer biosensing experiments for different guiding layer heights will demonstrate
surface desensitization.  Characterization of the biological sample layer will allow us to
improve upon our estimates for the height and index of the biolayer, thereby raising the
accuracy of our simulation results.  In addition, characterization will verify that we are in
fact creating a uniform protein layer of a specific height on the waveguide surface.  The
resolution of the interferometric data and characterization data will be sufficient to allow
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comparison of the experimental data to theoretical predictions.  Comparison of the data
obtained for different waveguides thicknesses will demonstrate the desensitization effect.

Appendix A:  Sample preparation

The following is a record of our current waveguide inventory and a list of waveguides
and samples necessary for the experiments.  The purpose of each of the sample and
waveguide types listed below is described in the experiments above.  In some cases,
several steps are needed to create the necessary waveguides and samples.  Reflectometry
(performed at BU on Anna Swan’s instrument)  is used to identify guiding layer heights
where necessary.  In some cases, etching of SiO 2 (using Buffered Oxide Etch (BOE),
performed at BU, in the Optoelectronics Processing Facility (OPF)) is required.  Wafer
dicing is done at BU using our own wafer dicing saw.  Polishing is done at BU using a
fiber and waveguide polisher shared with the Photonics Center at BU.  Samples are listed
by type.  The steps following each sample type describe the work needed to complete the
particular sample type.

1) Current inventory of processed and partially processed samples:
2 180 nm waveguides, C1-C2, C1 polished
3 103 nm waveguides, D1-D3, D1 polished
3 etched 103 nm waveguides, E1-E3, E1 polished

2) Additional samples needed and work required to fabricate and/or characterize
them:

a) Measure the etched 103 nm waveguides (E1-E3) (estimated guiding layer
height 85 nm) using reflectometry to determine the actual guiding layer height
using reflectometry at BU.

b) Prepare 6 silicon pieces (S1-S6)

At BU, dice oxide-on-silicon-substrate wafer into quarters

At BU, etch oxide to silicon on one quarter

At BU, dice six 1.5 cm x 1.5 cm pieces S1-S6

c) Prepare 8 166 nm waveguides, (R1-R8), two polished

At BU,  identify 166 nm wafer with reflectometry (wafers became mixed
in MIT processing)

At BU, etch oxide to completion if necessary (not all wafers were etched to
completion, probably due to the variation in oxide height I observed and
relayed to Matt for different wafers)
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At BU, dice eight 166 nm waveguides  R1-R8

At BU, polish R7,R8 

d) Prepare 2 103 nm polished waveguides (D1,D2)

At BU, polish D2 

e) Prepare 2 etched 103 nm polished waveguides, (E1,E2)

At BU, polish E2
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Appendix B: Protein types

The following lists the name of the protein, the weight (in kiloDaltons), and approximate
size (italic numbers are interpolated values).  Based on the two data points (supplied by
Hitesh at Satcon), the weight of each protein type is proportional to the dimension raised
to the power 2.38

Type weight dimensions
BSA 67 kD 5.0 nm
IGG (Ab) 150 kD 7.0 nm
Lysozyme 13 kD 2.5 nm
HRP 43 kD 4.1 nm
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Appendix C:  Simulation results
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Fig. 3:  Sensitivity curves for various waveguide thickness.  The first plot shows 
the response over the entire range of biolayer heights.  X’s indicate sensitivity expected for a 
bulk solution measurement for experimentally available waveguide thicknesses.  The second plot 
shows a detailed view for small biolayer heights.  The estimated height of the four available 
proteins are labeled in italics.  The X’s mark the points on each curve mapped out by these four 
proteins.  The expected experimental phase shifts for each of these points, calculated from the 
sensitivity curves, are given in Table 1 below.
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Predicted Biosensor Phase Response (in cycles)

Guiding layer Thickness (nm)
Protein 166 103 85

Lysozome 3.30 1.20 -0.32

HRP 5.22 1.98 -0.49

BSA 6.47 2.48 -0.59

IGG (Ab) 8.92 3.47 -0.76

Sucrose Solution 18.55 14.70 5.32

Desensitization Factor (compared to an optimized waveguide)

Guiding layer Thickness (nm)
Protein 103 85

Lysozome 0.36 -0.10
HRP 0.38 -0.09
BSA 0.38 -0.09
IGG (Ab) 0.39 -0.09
Sucrose Solution 0.79 0.29

Table 1:  Phase shifts expected for three guiding layer heights (t=166 nm, t=103 nm, t=85 nm) for
the four available proteins.  The phase shifts are derived from the predicted sensitivity curves, and
the estimated thickness of each protein monolayer.  The desensitization factor is the phase 
response of the biosensor divided by the phase response of a biosensor optimized for highest 
sensitivity (t=166 nm).  A negative number indicates that the phase shift of the former is in the 
opposite direction from the latter.
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Chapter 8 : Microfluidic Primer

Introduction.  A major component of the biosensing platform is the fluidic transport of the sample to
the optical detection chamber.  The approach we have taken in this project is the use of microfluidics
both for sample preparation as well as for cell capture.  The following sections describe the basic
elements of flow at low Reynolds number (i.e the microfluidic regime) and its application to sample
extraction and cell capture.

Overview of Microfluidics.  Microfluidics is the flow of liquids in microchannels with dimensions on
the order of microns.  Fluid motion in microchannels exhibits special behavior that is distinctly different
from fluid flow in our common macroscopic environment.  The difference between microfluidics and
macro fluid flow is the scale of the flow regime.  All fluid flow can be scaled based on the relative effects
of inertial and viscous forces.  Microfluidics is the special case when channel dimensions are so small
that inertial forces are insignificant compared with viscous forces.  Even with low viscosity liquids such
as water, because of the small flow dimensions the fluid in motion will appear extremely viscous.

Flow at the microfluidic scale introduces new possibilities for fluid devices, many of which would be
impossible with full-scale fluid handling systems.  Consider a device that joins two fluid streams in a
microfluidic channel, shown in Figure 8-1.

Figure 8-1: A diffusion-based microfluidic extraction device.

Because the flow is laminar, the two fluid streams will flow side-by-side with no mixing.  The utility of
this scenario is that diffusion of particles will occur from one stream to the other.  Although there is no
physical mixing, the two streams will interact by diffusion mass transfer.

I—I innnohMlnrLnE 
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Diffusion mass transfer is the transport of a chemical species in the presence of a concentration gradient
(species will tend to migrate from spatial regions of high concentration to regions of lower concentration
as a result of random molecular motion).  The practical utility of diffusion in a microfluidic device is to
separate particles based on size.  Thus, the microfluidic device can be used as a particle filter as shown
in the previous chapter (see Figure 7-4).  A microfluidic filter can efficiently discriminate between
particles of different sizes, because diffusion in liquids is based primarily on particle size.  Diffusion mass
transfer is one of the primary processes that make microfluidic devices useful for the optical biosensor.

Another practical use of microfluidics is hydrodynamic focusing.  Separate fluid streams will flow side-
by-side in a microchannel, and there will be some stream interface between adjacent streams.  In the
case of two adjacent streams, the location of the streamline interface can be made such that one stream
is focused tightly near a surface while the other occupies the majority of the channel volume.  This type
of focusing is accomplished by regulating the ratio of flow rates in the two streams.  For example, if one
wishes to focus a stream of analyte particles into a layer which is 1/5 the total channel thickness, then the
flow rates must be controlled such that the flow associated with the particle stream is 1/5 the total flow
rate in the channel1.  This process can be visualized using Figure 8-2, which illustrates pathlines in a fluid
junction, the output of a numerical fluid simulation.  In this case, the flow rate ratio is 4:1, so the analyte
fluid stream occupies about 1/5 the total volume.

Focusing stream

(high flow rate)

Focused stream

(low flow rate)

Focusing stream

(high flow rate)

Focused stream

(low flow rate)

Figure 8-2: Illustration of hydrodynamic focusing.  The horizontal stream is focused to about 1/5 its original
thickness.

                                                
1 It should be mentioned that this is an approximation.  An exact relationship between focusing and flow rate ratio
must take into account the viscous velocity profile.  While the statement presented here is strictly valid only for an
inviscid velocity profile, the approach is reasonable and appropriate for system-level calculations.
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The practical use of hydrodynamic focusing is to pass analyte cells very close to the reception sites in a
flow cell.  This should increase the probability of capturing cells on the surface.

With the current fabrication techniques available, microfluidic devices will enjoy a wide range of
applications in biotechnology.  There has been tremendous research in recent years in this field, and a
number of excellent references are available in the literature.  While there are many applications for
microfluidic technologies, our purpose for the optical biosensor is to use a microfluidic device as a
particle separator to differentiate particles of different sizes, and also to perform hydrodynamic focusing
of fluid layers.

Analytical Modeling Tools for Microfluidic Devices.  The analysis of microfluidic devices serves
the purpose of understanding of the physical phenomena and developing models that can be used for
device design.  The analysis of microfluidics follows from an understanding of basic transport
phenomena, particularly momentum transfer and mass transfer.  The approach here is to consider the
two basic transport phenomena separately2 in the context of a microfluidic device.

Fluid Dynamics.  The goal is to develop an analytical model that can be used to predict pressure and
velocity distributions in a microchannel.  Both of these performance parameters can be obtained using
basic momentum and continuity principles.

Consider the geometry of a microchannel shown in Figure 8-3.  The channel has length L, width w, and
depth d.  A Cartesian coordinate system is used, with the origin at the center of the microchannel.

z

y

x

L w

d

z

y

x
z

y

x

L w

d

Figure 8-3: Geometry used in the fluid dynamics analysis of a rectangular microfluidic channel.

                                                
2 Analyzing the momentum and mass transfer separately is valid in a dilute mixture, where each diffusing species
behaves as if it was in a binary mixture, and the diffusion has no effect on the flow field.  On the other hand, a
composite mixture is one in which the momentum and mass transfer phenomena are strongly coupled.
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The momentum equation for an incompressible, Newtonian fluid is written in Cartesian coordinates as

( )VV
V

V ⋅∇+
∂

∂
=∇−∇ ρρµ

t
P2 , (8-1)

where the velocity vector is given as [ ]zyx VVV=V .  Equation 8-1 is commonly known as the

Navier-Stokes equation.  Each term in the momentum equation is actually a force per unit volume of
fluid.  The first and second terms on the left-hand side of the equation are the viscous shear forces and
the pressure forces, respectively.  The right-hand side includes the inertial forces.  Additional body
forces acting on the fluid would contribute terms on the left-hand side of Equation 8-1 (e.g., gravity
would contribute a term gρ ).

All fluid motion is scaled by considering the ratio of inertial forces to viscous shear forces.  When this
ratio is formed in steady state the time-derivative vanishes, and we get a very useful dimensionless group
known as the Reynolds number:

( )
Re

VD
=∝

∇
⋅∇

=
µ

ρ
µ

ρ
V

VV
2forces viscous

forces inertial
. (8-2)

The Reynolds Number is used to determine the nature of one-dimensional fluid motion.  In general, all
flow can be classified as laminar, turbulent, or transitioning.  Turbulent flow can be thought of as a rich
and complicated flow pattern with interacting vortices.  Turbulent flow can only occur at Reynolds
Numbers greater than about 103, but typically occurs at Re > 104.  Laminar flow, which normally occurs
at Reynolds Number less than about 2000, can be thought of as orderly flow with predictable, smooth
pathlines.

Microfluidics is a special case of laminar flow, with typical Reynolds Numbers less than one.  For
example, if water at room temperature flows at 5 mm/s in a microchannel with effective diameter of 100
µm, the Reynolds Number would be about 0.5.  At this scale, the flow field is dominated by viscous
shear forces and pressure forces – inertial effects are insignificant.

In light of the fact that inertial forces are relatively small at the microfluidic scale, Equation 8-1 can be
simplified by dropping the inertial forces, and the resulting expression is the Stokes flow model (also
known as creeping flow, or low-Reynolds Number flow):

P∇=∇ V2µ . (8-3)

The Stokes equation is further simplified by considering a 1-D flow field in the y-direction.  Taking only
the y-direction scalar equation and eliminating insignificant terms leads to

y
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Equation 8-4 provides a differential equation that can be used to determine the velocity profile
( )zxfV y ,=  in terms of the pressure gradient yP ∂∂ / .  The pressure drop must be related to the fluid

flow rate Q.  If we use the concept of a hydraulic or effective diameter for the rectangular channel,
defined as ( )dwdwD += /2 , we get the following expression for pressure drop:

( )
( )

Q
wd

dw
y
P

3

2

2
+

−=
∂
∂ βµ

. (8-5)

The constant β  is a function of the channel aspect ratio, and is reported in the Handbook of Heat
Transfer (Rohsenow et al. 1985) as:

( )5432
2537.09564.07012.19467.13553.1196 ∗∗∗∗∗ −+−+−= αααααβ , (8-6)

where
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d
w

w
d

,min*α . (8-7)

In addition, the flow rate is expressed in terms of the average velocity as VwdQ = .  Equation 8-5
indicates a linear relationship between pressure drop and flow rate, which is always true for laminar
flow.  The negative sign indicates that fluid motion in the y-direction occurs with decreasing pressure
gradient.

With an expression for the pressure drop now available (Equation 8-5), the field equation (Equation 8-
3) can be solved for the velocity profile in the microchannel.  Four boundary conditions are required, all
of which are based on a no-slip condition at the four channel walls.  The boundary conditions are
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and the solution to Equation 8-3 is
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Equation 8-9 gives a closed-form solution to the field equation, which can be plotted to visualize the
velocity profile.  Figure 8-4 shows a typical velocity profile in a microchannel.
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 velocitynormalized

 widthchannel normalized
depth channel normalized

 velocitynormalized

 widthchannel normalized
depth channel normalized

Figure 8-4: Velocity profile in a typical microchannel (plot of equation 8-9).

Figure 8-4 gives insight into the nature of the flow in a microchannel.  In the x-direction (depth direction)
not close to the two edges, the profile looks parabolic, which is typical for laminar flow in a pipe, or
laminar flow between flat plates.  In fact, if we take the limit of the velocity profile as the width goes to
infinity while maintaining constant depth (which is the limiting case of flow between two flat plates), we
indeed get a parabolic velocity profile in the x-direction:

( ) ( )22

0
4

8
/

,lim
*

dx
yP

zxVy −
∂∂

=
→ µα

(8-10)

This analysis provides closed-form expressions for velocity profile and pressure drop.  It is worth noting
that the analysis was developed with no regard to the diffusion that will take place in the channel.  This
simplification is very useful and valid for dilute mixtures.

Mass Transfer.  Mass transfer by diffusion is the transport of chemical species because of species
concentration gradients.  The analysis of mass transfer is often analogous to heat transfer, with the
fundamental equations and solutions taking similar forms.

The transport equation for diffusion mass transfer is Fick’s Law, written as

ii cD ∇−= ρj , (8-11)
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where the mass flux vector is given as [ ]zyx jjj=j .  The transport property in mass transfer is the

mass diffusivity Di, which is interpreted as the diffusion coefficient of species i with respect to a unique
solvent.  In general, the diffusion coefficient of a species will always depend on the particular solvent
being used.  There are both analytical and empirical correlations available for estimating diffusion
coefficients, and in general, the techniques differ for liquids and gases.  Cussler (Cussler 1984) provides
a good amount of diffusion coefficient data for both liquids and gases.  For microfluidic systems (liquid
systems) with diffusing particle sizes large compared to the solute, the Stokes-Einstein equation provides
a good analytical expression:

i

B
i R

Tk
D

πµ6
= . (8-12)

The key feature of the Stokes-Einstein equation is the relationship between the diffusion coefficient Di

and the particle size Ri.  In a given solvent, smaller particles have higher diffusion coefficients than larger
particles.  This is the basis for microfluidic separation – a device will efficiently separate particles based
on diffusion coefficients, and hence particle size.  In some cases, the particle size is not known, but the
molecular weight is known.  In these cases the particle size may be estimated using Equation 8-13:

iA

i
i N

M
R

ρ
λπ =3

3
4

. (8-13)

The ultimate goal in the mass transfer analysis is to predict the concentration distributions in the
microchannel.  This is accomplished by considering the continuity (mass balance) of each diffusing
species in the mixture.  Consider the geometry of a microchannel shown in Figure 8-5.  The channel has
length L, width w, and depth d.  A Cartesian coordinate system is used, with the origin at a corner at the
inlet of the channel.
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L w

d
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d

Figure 8-5: Geometry used in the mass transfer analysis of a rectangular microfluidic channel.
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The species continuity equation is written as:

t
c

ccD i
iii ∂

∂
+∇⋅=∇ V2 (8-14)

Equation 8-14 is a general-purpose equation and can be simplified for a specific situation.  If we
consider steady state operation of a separation device, the time derivative term vanishes.  Furthermore,
a microfluidic separator would be designed such that only one dimension would be used for diffusion
(called the primary diffusion direction).  With this in mind, Equation 8-14 simplifies to:
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. (8-15)

The first term includes the effect of diffusion in the x-direction, while the second term includes the effect
of advection (bulk fluid motion) in the y-direction.  The typical boundary conditions include impermeable
walls (zero flux at the walls), and some specified initial concentration distribution at the inlet:
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The solution to Equation 8-15 with these boundary conditions takes the following form:
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where the harmonic coefficients are given by
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and

i

y

D
dV

Pe = (8-19)

is the dimensionless Peclet Number.  Equations 8-17 and 8-18 provide a closed-form solution for the
concentration distribution in the microchannel.  For a given microfluidic device, the only input necessary
to determine the concentration distribution is the initial distribution at the inlet, ( ) ( )xfxci =0, .  This
analytical model for diffusion is used to design and analyze both the flow cell and the microfluidic
separator cartridge described in Chapter 9.
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Chapter 9 : Microfluidic Flow Cell for Enhanced Capture Efficiency

Introduction.  A highly sensitive transducer alone is not enough to detect small numbers of
microorganisms.  A key issue for all biosensors is the capture of the targets prior to detection, which
depends on both the quality of receptors and capture mechanism.  We have addressed the capture
mechanism through a novel laminar flow cell employing the use of microfluidics to focus the organisms
for efficient capture.  This following text describes the design, fabrication, and laboratory
characterization of the flow cell.

The ideal flow stream for differential detection would expose both the reference and the specific binding
areas to identical amounts of NSB while only exposing the specific receptors to the target cells.
Arbitrarily flowing a sample stream containing a uniform distribution of cells over an area containing both
the reference and the specific binding regions has the fundamental problem that the target cells will often
miss the specific receptors as shown in Figure 9-1.

SatCon Concept.  This problem can be rectified by using microfluidic techniques to alter the flow field
as shown below in Figure 9-2.  First, the cells are spatially confined so that they flow across the specific
receptors, and then the small analytes are diffused across the flow field again to provide a common

Figure 9-1.   Schematic showing a flow field (area within dashed line) containing a uniform
distribution of cells and the path of an arbitrary target cell missing the receptors.

Reference

Specific

Path of Target Cell (Flow Field)

Cells
+

Other

Diluent

Reference

Specific

Figure 9-2.   Altering the flow field with microfluidics to confine the cells (white dots) to the
region containing the specific receptors while diffusing the small analytes to provide uniform
distribution across the sample stream.
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distribution to both the reference and the specific binding regions.
The final element of this approach is to use hydrodynamic focusing to create a thin sheath of cells close
to receptor surface.  This is accomplished by introducing a third stream flowing significantly faster to
push the cells onto the receptor surface for binding as is shown in Figure 9-3.

Analysis of the Flow Cell.  The flow cell was analyzed for both hydrodynamic stability and diffusion

performance.  The analytical model presented in the previous section was used to predict the diffusion
performance and design the device accordingly.  The fluid dynamics were analyzed using numerical
techniques due to the relatively complex flow cell geometry (channels with varying areas, varying aspect
ratios, junctions, etc.).  The numerical solution was obtained using FLOTRAN, a general-purpose
computational fluid dynamics (CFD) package (the CFD solver provided finite element solutions to
Equation 8-1, combined over the entire flow cell fluid domain).

Table 9-1 lists the design parameters of the flow cell.  The parameters listed in Table 9-1 are those that
were used in the flow cell design, prior to any experiments or fluid property measurements.

Table 9-1: Parameters for the design and analysis of the flow cell.

Cells
+

Other

Diluent

Figure 9-3.   Hydrodynamic Focusing.  A third stream is introduced at a significantly
higher flow rate to focus the cells onto the receptor surface.
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Parameter Value

Mixture type: dilute of concentrated dilute

Solvent properties aqueous

Molecular weight of diffusing particles (small particles) 70,000 g/mol

Analyte particle size (large particles) 5 µm

Sample specific gravity 1

Sample viscosity 1 cP

Mixture temperature 20°C

Depth of the diffusion channel 0.1 mm

Width of the diffusion channel 2.5 mm

Length of the diffusion channel 40 mm

Output flow rate (total flow rate) 0.044 mL/min

Focusing stream flow rate 0.036 mL/min

Analyte flow rate 0.008 mL/min

The function of the flow cell is twofold: (1) bifurcate the analyte stream by flowing an adjacent solvent
stream in equal proportion, while simultaneously providing a uniform background of diffusing particles,
and (2) focusing the analyte stream close to the receptor surface.  The two functions are performed
sequentially in the flow cell.  The bifurcation/diffusion step is analyzed using the mass transfer model
presented earlier.

The design of the diffusing region of the flow cell requires a prediction of the species concentrations.
Equation 9-1 provides a functional form for the species concentrations.  For each species in the sample
stream, the boundary condition at the inlet of the diffusion channel is given as:

( ) ( )
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i    ,0

0   ,
0, 1, , (9-1)

where oic ,  is the initial species concentration, and 1x  is the streamline interface location for the diffusing

species.  The streamline interface location is related to the flow rates of the two streams1:
                                                
1 It should be mentioned that this is an approximation.  An exact relationship between streamline interface and flow
rate ratio must take into account the viscous velocity profile.  While the Equation 1.21 is strictly valid only for an
inviscid velocity profile, the approach is reasonable and appropriate for system-level calculations.
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≈ (9-2)

The goal of the flow cell is to bifurcate the sample flow, so the streamline interface must be one-half the
overall channel dimension, 2/1 dx = , and the flow rates Q1 and Q2 must be equal.  With this boundary
condition specified, the concentration distribution of the analyte is given in Figure 9-4.
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Figure 9-4: Plot of the analyte concentration distribution in the diffusion channel.

The concentration distribution shown in Figure 9-4 indicates that the analyte particles diffuse only slightly
through the diffusion channel.  This is an important design objective.  Ideally, we would like no diffusion
of the analyte particles.  Realistically there will always be some amount of analyte diffusion, but the
majority of the cells will remain on the same side of the channel that they entered.  If the analyte particles
were any smaller, there would of course be more diffusion.
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Figure 9-5: Plot of the background concentration distribution in the diffusion channel.

Figure 9-5 shows the same concentration plot for the other species in the sample mixture, the small
diffusing particles, which we will call the background for obvious reasons.  The background particles
behave quite differently than the analyte particles, because of the small particle size (i.e., low molecular
weight) of the background species.  Diffusion takes place very quickly and the concentration distribution
becomes uniform at the channel outlet.  This uniform distribution provides the necessary ‘background’
for differential optical measurements.  In summary, the goal of the diffusion channel is to provide a
uniform background by diffusing small particles, while maintaining a required distribution of analyte with
minimal diffusion.

The second function of the flow cell is hydrodynamic focusing.  We wish to focus the analyte stream
close to the chemical surface for optimal cell capture.  The simple expression that can be used to
estimate focusing is Equation 9-2.  Using this equation with the flow rate data presented in Table 9-1,
the thickness of the focused analyte stream would be

( )( ) ( ) mm 018.0mL/min 036.0mL/min 008.0/mL/min 008.0mm 1.01 =+=x .  This concept of using
flow rates to regulate stream thickness was verified using a 2D CFD model, with the result shown in
Figure 9-2.  In this figure the horizontal stream moving from right to left gets focused to about 18% of its
original thickness.  The flow cell was designed for a focused thickness of about 0.018 mm, but thinner
layers can be focused if necessary by adjusting the relative flow rates.

Additional fluid analysis was performed to study the effect of geometry variations in the microchannels.
The flow cell must interface with tubing, which is one example of geometry variations in the flow cell.
The other variation is the transition region, where the channel goes through a variable-area passage to
‘invert’ the aspect ratio.  Figure 9-6 illustrates the geometry of the flow cell.
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Figure 9-6: Geometry of the flow cell.

The goal of this additional analysis was to verify that no instabilities were introduced in the flow field
because of the various geometry changes.  For this analysis, a three-dimensional CFD model was used.
A powerful post-processing technique for fluid systems is to view the velocity vectors at key locations in
the fluid domain.  Figures 9-7 and 9-8 show the velocity vectors at the flow cell inlets and at the
transition region, respectively.

Analyte Inlet

Solvent Inlet

Diffusion Region

Transition Region

Focusing Stream Inlet

Outlet

Focusing Region

Analyte Inlet

Solvent Inlet

Diffusion Region

Transition Region

Focusing Stream Inlet

Outlet

Focusing Region
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Figure 9-7: Velocity vectors at the transition region.

Figure 9-8: Velocity vectors at the interface between tubing and microchannels.

From inspection of the two figures, the analysis predicts that the flow patterns will not be disrupted by
the geometry changes.  In other words, there will be no irregular flow conditions such as boundary layer
separation, or circulatory flow at sudden enlargements.  The reason there are no irregular flow patterns
is the low-Reynolds Number operating range of the device.

Finally, the numerical model predicted the overall pressure drop2 to be around 150 Pa at 0.044 mL/min.
At this low flow rate, the pump power requirements are about 10-7 W, which is negligible.  At higher

                                                
2 The pressure drop stated here assumes a completely filled device.  The pressure requirements during device startup
could be much greater due to capillary forces in the microchannel.  For this reason, additional sources of energy are
sometimes used to startup a microfluidic device, such as vacuums at the outlet and low surface tension prefill fluids.
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flow rates however, pumping power and pressure drop could become more important, because
pressure drop is proportional to the flow rate, and power is proportional to the square of the flow rate.

List of Symbols Used

ci concentration (mass fraction) of species i [kg/kg]
ci,o concentration (mass fraction) of species i at the diffusion channel inlet[kg/kg]
d depth of the microchannel [m]
D diameter or effective diameter for non-circular channel [m]
Di mass diffusivity (diffusion coefficient) for species i [m2/s]
Fn Fourrier coefficients [dimensionless]

g gravitational acceleration vector ( [ ]zyx ggg=g ) [m/s2]

j mass flux vector [kg/s/m2]
jx mass flux in the x-direction [kg/s/m2]
jy mass flux in the y-direction [kg/s/m2]
jz mass flux in the z-direction [kg/s/m2]
kB Boltzmann’s constant [1.380⋅10-23 J/K]
L length of the microchannel [m]
Mi molecular weight of species i [kg/kmol]
n summation index used in Fourier series [dimensionless]
NA Avagadro’s number [6.024⋅1023 particles/mole]
P static pressure [Pa]
Pe Peclet number [dimensionless]
Q volumetric flow rate [m3/s]
Q1 volumetric flow rate of the focused stream [m3/s]
Q2 volumetric flow rate of the focusing stream [m3/s]
Ri radius of a diffusing particle associated with species i [m]
Re Reynolds Number [dimensionless]
T temperature of the bulk fluid [K]
V average channel velocity, V = Q/wd [m/s]
V velocity vector [m/s]
Vx x-component velocity [m/s]
Vy y-component velocity [m/s]
Vz z-component velocity [m/s]
w width of the microchannel [m]
x coordinate aligned with the depth dimension [m]
x1 streamline interface location (thickness of a focused stream) [m]
y coordinate aligned with the length dimension [m]
z coordinate aligned with the width dimension [m]
α* inverse channel aspect ratio: (shortest side)/(longest side) [dimensionless]
β constant used to evaluate pressure drop [dimensionless]
λ close-packing factor for calculating molecular volume [dimensionless]
µ dynamic (absolute) viscosity of the bulk fluid [Pa⋅s]
ρ mass density of the bulk fluid [kg/m3]
ρi mass density of the species i [kg/m3]
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Flow Cell Fabrication. After the flow cell channel geometry was defined (Figure 9-6) the fabrication of
the device was addressed.  This includes material selection, fabrication methods for prototype and
volume production.  The technical challenges associated with the proposed flow cell design are now
discussed, along with results of a literature search, micro-fabrication techniques survey, material trades
and bonding investigation.

Technical Challenges.  The proposed flow cell design has a channel width or depth of 2500 µm;
more than 10 times geometries discussed in published literature (<100 µm).  Large channel width, by
itself, is not an issue for many traditional micro-machining methods.  However, the large channel aspect
ratio (25:1) coupled with a transition in channel orientation (25:1 to 1:25) requires application of
different fabrication methods.  The three intersecting, orthogonal flow channel for the two parallel flow
circuits present fabrication challenges as well.

Background.  A general review of published papers, patents and commercial product literature for
biosensor, flow cell and micro fluidics was performed and a few of the key papers are summarized
below.  Ward and Winsor3 summarize commercial optical biosensors used to study macromolecules
and their interactions with biospecific partners; Table 1 summarizes commercial biosensor products and
suppliers.  Madou and Florkey 4 conclude that miniaturized biosensors are best fabricated from plastics
using lamination, plastic molding and electroplating techniques.  They believe low cost, disposable
devices with no moving parts should be used for handling wet chemistry.  The wet chemistry device
interfaces with permanent instrumentation containing power, heating, pumping, sensor and electronic
functions.  Buttgenbach and Robohm 5 present a review of silicon based micro fluidic component/device
fabrication and implementation of a flow-diffusion system for gas-phase ethanol.  Feldstein et al.6 with
the Naval Research Laboratory provide a detailed description of a complete optical and fluidic system
implementation using a multi-channel flow cell made out of CNC machined plastic.  Guenat, et al7

presents their work with channels, electrosmotic nanopumps and micromixers implemented in
ultrasonically eroded or HF etched, fusion bonded, Pyrex™ wafers.

Wurmus8 describes a static micromixer that can be used to mix two separate fluids.  This mixer can also
be adapted diffuse the transition in concentration and/or index of refraction separating two fluids in
series in a single flow channel.  Ramsey9 has a patent for an apparatus and method for electrically
                                                
3 Ward, Larry D., Winzor, Donald J., (2000) Relative Merrits of Optical Biosensors Based on Flow-Cell and Cuvette
Designs Analytical Biochemistry, 285, 179-193

4Madou, Marc, Florkey, John, (2000) From Batch to Continous Manufacturing of Micro Biomedical Devices Chem.
Rev. 100, 2679-2692
5 Buttgenbach, S., Robohm, C. (1998) Microflow Devices for Minaturized Chemical Analysis Systems SPIE Vol 3539
0277-786X/98
6 Feldstein, Mark J. et al., (1999) Array Biosensor: Optical and Fluidics Systems Journal of Biomedical Microdevices
1:2, 139-153
7 Guenat, O.T., et al., (2000) Partial Electosmotic Pumping in Complex Capillary Systems Part 2  Sensors and Actuators
B 3637 1-10
8Hurmus, H. (2001)  www.maschinenbau.tu-ilmenau.de/mb/wwwmm/inhalt/german/6-5.htm
9 Ramsey, M. J. (1999) Aparatus and Method for Performing Microfluidic Manipulations for Chemical Analysis and
Synthesis Patent Number 5,858,195
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controlled flow redirection in micromachined channels.  This method can be used as a valve and has no
moving parts.

Wang10 et al. report on a low temperature bonding process developed at Oak Ridge National
Laboratory for glass using spin-on sodium silicate as an adhesive. Channel sealing was successful with a
12-hour cure at room temperature or a 1 hour, 90° C cure.  Bond strength is lower than high
temperature bonding processes such as anodic bonding but adequate for most chemical microchip
applications.

Survey of Micro-Fabrication Techniques.  Fabrication of a flow cell device with microfluidic
channels requires investigation and application of appropriate microfabrication techniques.  A good
understanding is needed for successful selection of prototype and production flow cell materials and
fabrication methods.   Prototype and production materials and methods will most likely be different,
based on cost and risk factors.  Lower risk, higher cost methods and materials are justified for
prototype development.

There are many microfabrication techniques available, including the following:

–Bulk Micromachining
–Surface Micromachining
–Traditional Mechanical Machining

                                                
10 Wang, H.Y. et al., (1997) Low Temperature Bonding for Microfabrication of Chemical Analysis Devices Sensors
and Actuators B 45 199-207
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–LIGA
–Deep UV Photoresist
–Laser
–Stereo Lithography
–Lamination
–Electro Discharge Machining (EDM)
–Surface Micromachining
–E-Beam Machining
–Plasma Beam Machining
–Focused Ion Beam Machining
–Water Jet
–Ultrasonic Machining
–Photofabrication
–Electrochemical Machining
–Chemical and Photochemical milling

The first seven techniques were investigated in detail and are summarized as follows.

1) Bulk Micromachining

• Bulk micro machining is a removal process done predominantly in Silicon using IC fabrication
techniques and is the predominant micromachining method.  Several techniques also apply to
glass.
• Silicon is crystalline and as a result has direction dependent properties defined by Miller
indices (unit vectors in x, y and z).  Glass, however is isotropic.
• Starting from a flat surface (e.g., wafer) material is removed by lithographic and chemical
etching techniques
• Masks (Silicon Oxide - SiO2) created using photolithography are used to prevent etching on
selected surfaces
• Etching methods include

–Wet Etch
• Isotropic –  Acid Etchant   –  Etch rate same in all directions
• Anisotropic –  Base Etchant  –  Etch rate direction dependent
–Dry Etch - Isotropic

• Reactive Ion Etch (REI)
• REI with Inductive Coupled Plasma (ICP REI)
• Electron Cyclotron Resonance (ERC REI)
• Plasma Etch (PE)  Isotropic
• Geometry and tolerances limited by control of the etching process and can
take up 4 to 8 hrs for deep structures

Channels with 25:1 aspect ratio can be accomplished economically with shallow and wide
etches.  This limits the 3D channel geometries needed for the proposed flow cell.  These
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methods may be used for prototype development in glass, but it is unlikely they would apply to
volume production.  These methods can be used to fabricate moulds.

2) Surface Micromachining

• Surface micro machining is done on a Silicon substrate with material added and removed
using deposition and bulk micromachining techniques in multiple layers
• Two layer types

•Structural -- of which the final microstructures are made
•Sacrificial -- which separate the structural layers and are dissolved in the final stage of
device fabrication

• Fabrication relies on encasing the structural parts of the device in layers of a sacrificial
material during the fabrication process.
• The sacrificial material is then dissolved away with a chemical etchant that does not attack the
structural parts.
• Process temperatures can range form 450 to 1050 oC
• Can be used to create micromachines and micromoulds

This technique favors wide and shallow features and can be used to make moulds.  It is unlikely
this method would be used for prototype fabrication.

3) Traditional Mechanical Machining

• Micro Milling is similar to conventional machining of 2D and 3D structures and uses custom
microfabrication CNC controlled multi axis mills, grinders, lathes, inspection equipment, etc.•
Reproducible machining to better than 0.05 µm.

Methods used to fabricate glass and optical devices are prime candidates for fabrication of a
prototype flow cell.  Moulds from many isotropic materials can also be made.

4) LIGA

• LIGA is German acronym standing for
–Lithography
–Electroforming
–Molding

• Lithography – X-Ray radiation (synchrotron) is used to penetrate a photoresist (PMMA)
supported on a conductive substrate.    The substrate is then developed dissolving voids in the
substrate

• Electroforming - Voids in the substrate are electroplated with metals (e.g., Nickel) and the
remaining substrate is removed, leaving the metal structure
• Molding – The metal structure is used as a molding tool for hot embossing or injection
molding for mass production



9-13

LIGA is costly, is excellent for high aspect ratio geometries (500:1), and produces very smooth,
nearly vertical walls.  This method could be used to fabricate channels of any aspect ratio but
would not work well for the transition region.

5) Deep UV Photoresist

• This method is a lower cost version of LIGA with lower resolution and height.
• Photosensitive polyimide (i.e.,Kapton) is used in place of PMMA for the photoresist
• UV light is used in place of X-Ray radiation for exposure of the photoresist
• 50 µm high with 3-5 µm resolution
• 0.25-.18 µm resolution for lower features• Method favors shallow and wide features
• Used to produce ink jet printer heads

This technique cannot produce the aspect ratios needed or the transition region.

6) Laser

• Lasers can machine materials by one of two processes
•Thermal process – Uses the lasers ability to deposit a great amount of energy into a
small amount of material to meld or vaporize the material in a short period of time
•Photo-ablation – Uses UV radiation to break the bonds of organic materials at the
surface.

• Laser cutting, drilling and welding examples used in medical devices
• Cut width - 35 microns
• Groves – 5-50 micron deep, 10-200 microns wide
• Hole sizes - 700 micron
• Spot Weld sizes - 100 microns
Laser machining has been used to make flow channels but not to the depth and aspect ration
needed.  Machining channels is time consuming and therefore costly.  It could be used for
prototype fabrication if surface smoothness can be improved with a secondary process (i.e. HF
etch of glass).

7) Stereo Lithography

• Stereo Lithography (SLA) is the most common Rapid Prototype technique, and produces
acrylic and epoxy parts
• Almost unlimited geometry possibilities, fine geometric details and high accuracy (tolerances lie
between 0.05% to 0.2%)
• Resolution of less than 5 µm is possible
• The required geometry is produced in thin layers (0.1-0.25 mm). A CNC-controlled laser
beam cures a pattern in the surface of a fluid photosensitive polymer. The hardened layer is then
stepwise lowered allowing the fluid to cover the part.
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Materials.  Madou and Florkey 11 present a comparison of materials used for micro biomedical
applications, which is reproduced in Table 9-3.  A quick survey of the material costs show glasses and
plastics are the lowest cost materials suitable for the flow cell application.  The baseline flow cell design
uses a large volume of material and with a low cost goal; silicon is eliminated.  Isotropic materials are
also favored, given the channel geometry.  Properties for three low cost, isotropic materials, glass,
plastic and stainless steel are compared in Table 9-4.  Stainless has been eliminated because high
thermal conductivity is unsuitable for a flow cell.   Another materials concern is water absorption.
Figure 9-9 illustrates the relative permeability of several materials.  Glass is the best choice for the flow
cell, given that metals prohibited.

The majority of flow cells to date have used comparatively small channel geometry (<100 µm) created
with bulk or surface micro machining methods in glass and silicon.  More recently, structures made from
PMMA (polymethylmethacrylat), PEEK(), PDMS (polydimethylsiloxane) and Polycarbonate
(Lexan™) plastic have been molded or embossed from surface machined structures.  While
polycarbonate is a good candidate, glass is preferred for prototype fabrication.

                                                
11Madou, Marc, Florkey, John, (2000) From Batch to Continous Manufacturing of Micro Biomedical Devices Chem.
Rev. 100, 2679-2692

Table  9-3: Comparison of Substrate Properties
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Bonding.  A list of bonding methods and materials for common material choices is given below.

• Glass and Silicon
–Anodic Bonding – High Temperature and Voltage
–Fusion Bonding – High Temperature and Pressure
–Sodium Silicate – Low Temperature
–UV Cure Adhesives – Low Temperature
–Cyanoacrylates (Super Glue)

Figure 9-9: Water Permeability of Several Materials
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• Plastics
–Ultrasonic
–Thermosonic
–Thermocompression
–Epoxy
–Solvents
–Cyanoacrylates (Super Glue)

Fabrication of the Flow Cell.  After examining many different fabrication techniques it was determined
to fabricate the prototype flow cell using precision standard machining techniques instead of resorting to
MEMS techniques.  While standard rectangular channels (typical dimensions ∼100µm x 2500µm) can
be readily etched, the transition region requiring angles other than 90 degrees is difficult.  A full set of
engineering drawings for the final design of the flow cell are found in Appendix E of this document.

The flow cell is a stand-alone device fabricated from many glass blocks which will have the necessary
channels precision machined into the surface.  Precision machining was performed by Mindrum
Precision Inc, (Rancho Cucamonga, Ca) and confined to one to two mating surfaces.  The other surface
was a flat plate whose function was to make a seal and provide the fourth wall of any channel.  To
create the three dimensional channel system needed for our flow cell required 9 different blocks, 5 of
which had machined channels and 4 smooth blocks along with 7 inlet and outlet orifices and provisions
for a custom seal assembly to seal the flow cell to the silicon wafer.  A 3-dimensional drawing of the
flow cell is shown in Figure 9-10 and a set of mechanical drawing is found in Appendix 9-A.
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Initially, it was thought that the flow cell blocks would be bonded by spin coating sodium silicate onto
the surface for low temperature bonding as reported by Wang et al. at Oak Ridge Laboratory.12

However, after testing it was determined that a more reliable approach was the use of UV curing
cement.  The cement was painted on the bonding surfaces with a fine brush, positioned in a jig, and
subjected to a UV lamp for several hours for curing.

Laboratory Characterization. As was described previously a microfluidic flow cell was designed to
increase the capture efficiency of cells by focusing the cells selectively onto the receptor surface.  The
diffusion constant for bacterial cells is as much as 1000 times smaller than for proteins and other small
particles and the cells deviate minimally from their path in a laminar stream.  For this reason conventional
laminar flow cells are generally inefficient for the capture of microorganisms.  The SatCon flow cell
exploits the small diffusion constant of a cell to hydrodynamically focus cells in close proximity to a
receptor-laden surface to increase the capture efficiency.

Experiments were performed to monitor the capture of E.coli O30 cells onto a solid platform for
different flow rates.  The objective of this work was to characterize the probability of capturing a single
cell from a flowing suspension with a microfluidic flow cell.  In all experiments the E.coli O30 model
system was used because of its minimal non-specific binding and demonstrated high affinity for its
corresponding immuno-receptor.  Two basic experiments were carried out as described below: 1.) cell
capture using a standard laminar flow cell and 2.) cell capture using hydrodynamic focusing to enhance
the capture rate.

                                                
12 Wang, H.Y. et al., (1997) Low Temperature Bonding for Microfabrication of Chemical Analysis Devices Sensors
and Actuators B 45 199-207

Figure 9-10.  Prototype flow Cell.  The cell contains two independent flow cells separated
by 4.5 mm.  The overall dimension of the device is approximately 4 inches in length.
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Experimental Description.  A plexiglass fixture was designed to hold the flow cell against a chip 18
mm x 18 mm in size in a sandwich-like format.  The flow cell was mounted on a secure post and
attached to either the peristaltic or syringe pump (or both).  The PEO/Protein-A chips prepared by the
MIT group were incubated with anti-E.coli O30 as is described in the protocol below and exposed to
sample streams having different flow rates.  After flowing a fixed number of cells the exposed chip was
removed from the flow cell, the captured cells were stained and examined under a fluorescence
microscope for enumeration.

The general protocol used was:
a) Silicon chips with Protein-A covalently attached to the polyethylene oxide monolayer (PEO)

were incubated with anti-O30 antibody (1:100 dilution) for 90 min at room temperature.
b) Chips were washed twice with PBS containing 0.2% Tween-20 for 5 min each, followed by

one washing with PBS alone to wash off the unbound antibody.
c) A Chip was assembled into the flow cell, and was made sure that there was no leak by flushing

the PBS. Since the flow cell has two channels/cuvettes, each chip was subjected to two
different flow rates of the cell suspension.

d) Overnight grown E.coli O30 cells were washed twice with PBS and were resuspended in PBS
to create a cell suspension with a concentration of 1.75 x 109 CFU/ml.

e) 2 ml of E.coli O30 cell suspension (3.5 x 109 cells) were flowed through the flow cell at various
flow rates (i.e. 16, 32, 64, 96, 128, 160, 200, 300, 400 µl/min).

f) Unbound cells were removed by washing with PBS with 0.2% Tween-20 for 5 min at a flow
rate of 100 µl/min, followed by washing with PBS alone for 5 min at a flow rate of 100 µl/min.

g) Cells captured on the surface of the chips were stained with live and dead stain (BacLight Syto-
9, fluorescein) for 20-30 min at room temperature, and were visualized under fluorescent
microscope.

h) Several images were taken corresponding to each flow rate and cells were enumerated.

A photograph of a flow cell used for these experiments is shown in Figure 9-11.  The flow cell was
constructed of glass and has two adjacent and fully independent chambers each 2.5 mm wide x 8 mm
long x 100 µm high (2µl volume) as was mentioned previously.  In addition to a sample input port, each
chamber had two diluent input ports for lateral and vertical focusing.



9-19

Experiment #1: Unfocused Flow Cell Results.  In this experiment only cell suspension (1.75 x 109

CFU/ml) was flowed through the flow cell, thus the entire 2µl volume was filled a uniform density of
cells.  A concentration of 1.75 x 109 CFU/ml corresponds to a nearest neighbor distance of 8.3 µm;
thus, on average cells are approximately 4 body lengths apart.

A fixed number of cells (3.5 x 109) were always flowed and data for 9 independent flow rates were
collected.  The peristaltic pump was used for all but the lowest two flow rates (16 and 32 µl/min)
because of limitations in flow rate where a syringe pump was used.  The analysis of the bound cells
involved first scanning the entire region before choosing 3 representative areas within the microscope
field of view, enumerating the cells, and averaging these results.  These averages were then scaled to
obtain the total bound cells over the 20 mm2 active area.  The probability of capture was calculated by
the equation:

Probability = (Total number of bound cells)/(Total number of cells available for binding)

These data are plotted in Figure 9-12.

Figure 9-11.  Microfluidic Flow Cell for Focusing Cells.  The insert
shows the lateral focusing of fluorescently labeled cells.
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Discussion.
A clear

dependence on the flow rate is seen increasing linearly from 150 µl/min to 16 µl/min and plateauing for
flow rates in excess of 200 µl/min.  At a flow rate of 16 µl/min the measured probability is 1.226 x 10-4.
Thus at this rate only one cell in 8156 will be captured and at 200 µl/min only one in 42,735 cells.  This
is because the majority of cells in the fluid stream is not at the receptor interface and diffuse very little
from their flow stream.  This measurement clearly demonstrates the inefficiency expected for cell capture
with a conventional laminar flow cell.  The probability of capturing discrete numbers of cells from a
suspension using such a device and without very significant pre-concentration is impractically small.

The increase in capture probability with lower flow rate can be understood qualitatively.  As the flow
rate is slowed down the cells at the receptor interface proportionally spend more time near the surface
and have many more opportunities to bind.  Naively, one might expect that doubling the residence time
of the cell would result in twice as much binding.  However, the slope does not have a value of one
although it appears linear, thus time is only one of many parameters needed to describe the capture
process.

At a flow rate of 200 µl/min the probability flattens out, inferring a binding threshold.  This suggests that
there is a minimum duration of time required for the interaction to occur between cells and their
receptors and that the drag or shear forces by virtue of high flow rate of the cells might prevent these
interactions from taking place.  One might also expect that this inflection point will vary with the binding
affinity of the immuno-receptor.

Figure 9-12.  Probability of Capture for a Conventional Laminar Flow Cell:  All
measurements were obtained by flowing 3.5 x 109 CFU’s at the different rates and
counting the number of organisms captured onto the 2.5 mm x 8 mm receptor laden
surface.  The capture probability was calculated by dividing the number of organisms
captured by 3.5 x 109.
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Experiment #2: Hydrodynamic Focusing.  Hydrodynamically focusing the cells to create a thin
sheath at the receptor interface is an improvement to a conventional flow cell.  Focusing does not
concentrate the cells, instead it makes for an efficient use of the cells moving each organism closer to the
surface to improve its probability of binding.  For example, consider a volume of cells transported at
flow rate Q.  If the sample volume is focused to occupy only half its previous volume and the rate Q is
kept constant then it will take twice as long to transport the same number of cells.  That is, the volume of
cells has been effectively squashed in the vertical direction and displaced to the longitudinal direction.
Therefore, twice as many cells would be expected to be bound at the surface because the volume of
cells, from what previously would have had almost zero probability of capture, now can compete more
effectively for a binding site.

Experiment #2 was conducted to verify this improvement in capture efficiency.  To implement the
focusing element a second stream of diluent (PBS) was added so there are now two independent flow
parameters instead of one.  The total flow rate is given by the sum of the two inputs

QTotal = Qcell + Qdiluent

The thickness of the sheath is given by

d
QQ

Q
x

diluentcell

cell

+
≈

where d is the height of the flow cell and x is thickness of the sheath.

For the experiment performed the total flow rate was kept constant at 200 µl/min and the flow rates of
the sample and diluent were varied according to the above formulas.  Because of the geometry of the
flow cell no visual confirmation of the stratification was possible with this experiment.

A plot of these data points along with the theoretical prediction is shown in Figure 9-13.  Only three
data points were able to be collected as will be described below, all in excellent agreement with
predictions.

Discussion.  The absolute capture probability for a total flow rate of 200 µl/min (enhancement factor of
one) is 2.34 x 10-5, the same as that measured in Figure 9-12.  For every value of the total flow rate
there exists a similar hyperbolic enhancement curve observed by varying the sheath size.  Thus, one can
imagine a different hyperbolic curve for each of the data points in Figure 9-13.

Two independent flow streams were required as inputs to the flow cell for focusing.  The peristaltic
pump provided the supply of PBS as the diluent stream while a syringe pump was used to flow cell
suspension.  It is crucial that the respective flow rates be steady to ensure a regular and predictable
interface between the two streams.  As can be seen from the above equation, any variations in Qcell or
Qdiluent will lead to variations in x and hence unstable fluids interface.  It is for this reason that Micronics,
Inc. has resorted to gravity feed for their microfluidic devices to ensure regular flow and avoid these
difficulties.
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The pump types used for this experiment both have inherent irregularities as part of their operation
limiting the experiment.  For the syringe pump it is the discreteness of the stepper motor driving the lead
screw; for the peristaltic pump it is the repeated compression of the tubing driving the fluid.  The output
of the peristaltic pump was modified by i.) combining the flow with a second stream 180° out of phase
and ii.) adding a large (200 ml) fluid buffer that acts as a low pass filter or ‘shock absorber’ to
significantly reduce any oscillations.

Within the limits of the experimental apparatus, the sample stream was reliably able to be compressed to
50 µm or half the height of the flow cell providing the expected factor of two enhancement in capture
efficiency.  Because the dependence on the sheath thickness is hyperbolic, the majority of benefit is
gained at very small thicknesses that were not obtainable with the experimental pumps used.  Once a
stable pump system is obtained, a factor of 50 enhancement should be within reach.  Please note that

Figure 9-13.  Enhancement in Capture Probability from Hydrodynamic Focusing:
Empirical data (solid circles) and a theoretical curve (solid line) are plotted showing the
factor increase in the probability of capture from confining the sample to different
percentage volumes of the flow cell.  The flow cell has a total cell stream depth of 100 µm,
so a depth of 100 µm corresponds to flow through the full volume, 50 µm corresponds to
flow filling only half the volume and so on.  The total flow rate for these experiments was
200 µl/minute.  The absolute capture probability for these points is obtained by
multiplying the respective enhancement factor by 2.34 x 10-5, the probability for the 200
µl/minute data point (see Figure 9-12).  For example, the enhancement factor for a 50 µm
cell stream depth equals 2, therefore, the capture probability equals to 4.68 x 10-5.  Note
that while twice as many organisms were captured when the sample stream was confined
to only half of the flow cell volume, the throughput was also halved.
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the overall flow time will be increased by the same factor.  This would increase the probability of
capture to 0.6% at a flow rate of 16 µl/min - a significant increase over conventional flow cells.  While
this technique makes a significant contribution to the capture problem, there remains further advances
needed before the capture of a single cell from a large suspension is possible.

Lateral Confinement.  A last measurement was made to verify the ability to align the cells in the lateral
direction.  This purpose of this alignment is to ensure that the desired organisms all flow over the specific
receptors and not the reference area.  E.coli cells (>109 CFU/ml) were first stained with fluorescein and
flowed against a second stream of PBS.  The goal was to displace the cells halfway across the flow
path, thus the two flow rates should be equal.  Two syringes loaded with cells and PBS, respectively,
were mounted together in the syringe pump to ensure equal rates.  The flow cell was mounted to a
transparent microscope slide instead of the opaque silicon chips enabling viewing of the flow cell
chambers.  The entire flow cell was able to be placed in the field of view of the fluorescence microscope
and monitored with the attached CCD camera.  A typical result is shown in the insert in Figure 9-11.
The fluorescein green cells are confined as expected demonstrating the ability to spatially align the cells.
The volume occupied by the cells is seen to be less than half indicating unequal flow rates.  This was
likely due to different impedances of the flow streams from different tube lengths, connectors, or
unknown impediments within the flow cell channels from manufacturing.

Summary.  Although a stable and sensitive transduction method is important, the most pressing
problem facing all cell detecting biosensors is the capture of the cells.  Our measured probability
distribution using a standard laminar flow cell geometry demonstrates their poor capture efficiency and
inability to satisfy in a practical way the need to monitor small numbers of cells.  A new flow cell design
relying on the dynamics of microfluidic transport to spatially realign the cell concentration to enhance the
capture efficiency was designed, fabricated and tested by SatCon in order to increase the probability of
cell capture and binding.  In the approach taken the cells were aligned both in the lateral direction and
the vertical dimension to create a thin sheath of cells in close proximity to the active receptor surface.
The new flow cell was characterized experimentally and shown to be fundamentally sound although
measurements were ultimately limited by the stability of the pumps driving the flow.  While effective, the
tradeoff for this alignment procedure is processing time.  Thus, while this approach alone will not
adequate solve the capture problem, it is an important contribution to its ultimate solution.
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Appendix 9-A: Mechanical Drawings for
Microfluidic Flow Cell
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Chapter 10 : Laboratory Characterization.

Beginning in January of 2002 a series of experiments were undertaken to combine the
subsystems developed to characterize their ability to operate together as a functional biosensor.
A description of this effort follows.

Experimental Setup.  A mechanical fixture was constructed to hold
the waveguide, flow cell, and associated folding mirrors.  A
photograph of the setup is shown in Figure 10-4 and mechanical
drawings for the reproduction of the fixture are found in Appendix
10-A.  The waveguide was held in a recessed area (having the exact
dimensions as the waveguide) machined into the mounting plate for
repeatable performance after many removals and replacements.  The
flow cell shown in Figure 10-2 was placed on top of the waveguide
and held in position with precision mechanical stops and secured
with pressure onto the top of the cell.

Pump Station.  Two pumping systems were available and used for
driving the flow into the flow cell; 1) the computer controlled
peristaltic pump described at the end of this chapter and 2) a simple
syringe pump arrangement.  The syringe pump (Cole Parmer)
incorporated a manual mixing valve for switching between syringes
containing different fluids.

A source of problems for both flow devices was the presence of bubbles.  This problem was
significantly reduced by adding a small buffering chamber capable of being vented.  This
chamber serves the dual purpose of removing troublesome bubbles as well as providing a degree
of mixing for a gentle transition from one fluid to another avoiding scattering from abrupt
changes in refractive indices.

Waveguides and Flow Cells.  As was described previously the first generation design
employing 2nd order diffraction gratings and fabricated by Sarnoff Corporation (Princeton, NJ)
had inadequate throughput to conduct any experiments.  In order to carry out the laboratory
characterization, several waveguides were obtained from the Georgia Tech Research Institute.
These devices were built with 1st order diffraction gating coupler and had very good throughput.
Since the dimensions and cuvette regions were designed to fit the GTRI geometry, they were not
compatible with the SatCon flow cell devices.  Consequently, a specially sized flow cell was
designed and built from polyetherimide (GE ULTEM 1000) in order to use the GTRI
waveguides.  Additionally, the mechanical fixture holding the waveguide and flow cell was
altered to accommodate these design changes.

The flow cell design was based on SatCon’s standard design used for the Phase I work.  The
sample chamber is a rectilinear volume approximately 100 µm high, 15 mm long (corresponding
to the length of the GTRI cuvette), and either 3 mm (single chamber) or 1 mm wide (two
independent chambers).  The input and output were tapered in both dimensions to i.) transition
between 1/32” tubing and the cuvette region, and ii.) maintain a constant area for uniform flow.
Mechanical drawings to construct this flow device are found in Appendix 10-B.

Figure 10-1.  Photograph of
mechanical fixture holding the
flow cell.  The flow cell is
sitting on top of the waveguide.
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Photographs of the mechanical fixture, flow cell, and GTRI waveguide, and are shown in Figures
10-1, 10-2, and 10-3, respectively.

Figure 10-2.  Flow Cell for GTRI Waveguides.
The flow cell was machined from
polyetherimide. Two cells were constructed
with: a large chamber containing both cuvettes
and two independent chamber side-by-side for
independent flows.  Dye cut gaskets for the
respective cells are shown to the right in the
photograph.  The height of the chambers was
typically 100 µm for highly laminar flow.

Figure 10-3.  Photograph of a standard GTRI
waveguide used for the laboratory
characterizations.

fflO 
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TE Cooled Silicon
Detector Array

Figure 10-4.  Photographs of the top and side views of the experimental apparatus
used to obtain the data acquired for the laboratory characterization.
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Gaskets.  An important component for providing a robust, uniform, and repeatable mechanical
interface between the flow cell and the waveguide is the development of the flow cell gasket.
The gasket must provide a good seal between the respective sensing chambers and the outside
world to prevent leakage of the sample outside of the flow path, to prevent contamination from
flowing into the sample, and to maintain a constant flow pressure.

The gasket designs developed for the SatCon flow cells were designed to conform to the
rectangular shaped cuvette regions.  The flow cell sensing chamber volume was defined by a
continuous precision height fence-like structure surrounding the footprint of the waveguide
cuvette.   One to two millimeters of gasket material fit around this fence to form the seal.  A soft
silicone material was chosen for the gasket material because of its pliability in conforming to the
spacing determined by the mechanical height of the fence.  A special dye was constructed to cut
these gaskets.  While the mechanical properties of the silicone were desirable it was found
initially that the material leached a contaminating film that compromised the waveguide
response.  This was alleviated by triple washing the gasket in a sonicated acetone bath.

Integration Effort.  The goal of these experiments was to integrate the flow cell, waveguide,
surface chemistry, and receptor system together and to learn how to use the apparatus in order to
design test runs.  No attempt was made to integrate the Micronic’s H-filter into these
experiments.  All experiments described below were conducted with homogeneous solutions.  A
significant learning curve was encountered and the obstacles were examined, understood, and
overcome.  Obstacles worthy of note were:

Ø Gasket Positioning.  It was discovered that the gasket would creep and often overlap the
edge of the flow cell, interfering with the propagating light beam and scattering the light
crossing from the exposed cuvette region into the buried oxide.  This was rectified by
stretching the gasket slightly and reseating it before applying the flow cell.

Ø Trapped Air.  Since the mode of detection is sensing of the surface, any imperfection or
perturbations of the surface are typically deleterious.  The accumulation or generation of
small bubbles collecting at the surface caused havoc in a number of experiments.  This
was alleviated by de-gassing of all buffers prior to experimentation and by purging the
flow and pump system of any gas prior to use.  This was accomplished by attaching a
syringe to the fluid waste line and gently drawing it out to create a negative pressure and
overcome the surface energy of the bubbles.   Care had to be taken not to draw the
syringe too hard and break the gasket seal.  When performed successfully one could
easily see the release of a large amount of air (unknowingly trapped in the flow cell) from
the output line.  Once all of the air was removed, the resulting fringe pattern returned to a
stable pattern.

Ø Cleaning.  The performance of the waveguide depends heavily on the cleanliness of the
exposed surface as expected.  Unwanted thin films from oils and salt precipitates act as
optical absorption or scattering centers significantly impairing the performance of the
sensor.  A three-pronged Teflon sleeved holder was built, based on a design used by
Campbell at GTRI, to grip the waveguide.  The following cleaning procedure was then
performed to ensure no surface contamination:



10-5

o Douse the waveguide with standard MicroKlean solution, while rubbing the
waveguide with a soft cloth, and rinse with a copious amount of deionized water.

o Transfer the waveguide into chromic acid heated to 110C for 10 to 20 minutes.
o Rinse with a copious amount of deionized water and dry thoroughly with purified

N2.

System Integration.   The different sub-systems were developed and individually tested,
however, not all of the optimum components were able to be integrated together as a system.
Because a working waveguide patterned to fit the SatCon microfluidic flow cell (Chapter 9) has
not yet been fabricated, it was not possible to test these two components together.  Instead, the
integration effort was limited to the use of the intermediate flow cell (Figure 10-2), with the
GTRI waveguides described above.  The effort did however integrate the testing of the
PEO/Protein-A surface derivatization and the incorporation of immuno-receptors using the GTRI
waveguides.  The results from these laboratory experiments are described in the following
sections of this chapter.

The integration of the microfluidic filter for extraction of extraneous matter was planned as a
separate step, not fully integrated into the flow cell as a complete hands-off process.  A gravity
feed system for the extraction process was developed by Micronics, Inc and tested by SatCon
(Chapter 7) using a stand-alone cartridge, where the product was collected in a reservoir.
Although not executed, the plan called for the contents of the reservoir to be emptied and
transferred to a flow cell for optical measurements as a separate step.

Automated pump station.   A new computer-controlled pump station was designed and built for
conducting experiments.  The new automated hardware eliminated the pressure discontinuities
and overall difficulty in use experienced with the single channel syringe pump used previously.

The pump station is a continuous flow source based on a modular, COTS, peristaltic (positive
displacement) pump (Cole Parmer, MasterFlex Model 4111).  Peristaltic pumps are known for
oscillatory flow rates from the repeated compression and expansion of the tubing driving the
fluid.  This pump was chosen because it operates by pumping two streams in parallel, the second
being 180° out of phase with the first.  The two streams are mixed together to cancel out the
peristaltic artifacts for a constant flow.

The pump station can handle up to six different fluids and has one or two outputs.  (Independent
output flow rates are obtained by varying tubing sizes at the output).  Flow from any of the six
inputs is independently switched from a re-circulating mode when no flow is desired to one
output by means of computer controlled solenoid valves.  Additionally, the 5th and 6th input can
be redirected from the first to the second output.  A schematic diagram of the pump function is
shown below in Figure 10-5 and a photograph of the pump station is shown in Figure 10-6.
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Figure 10-5: Schematic of automated flow station function.

Figure 10-6.   Photograph of peristaltic pump mounted in the automated flow station

MMU«D HOIHM^ 
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Commands to select and control the desired fluids are input into a graphic user interface
designed for transparent operation to provide accessibility to any individual.  The interface
allows the user to program all the information needed to conduct a complete experiment and
repeat it any number of times.  The resulting fluid and pump speed is plotted as a function of
time.  A picture of the interface is shown in Figure 10-7 below.

Laboratory Results

Bulk Index Changes.  As a first test of the biosensor, the monitoring of bulk indices was
undertaken to demonstrate its operation as a refractometer.  For this set of experiments the
computerized pump station was used to switch between the different fluids tried.  Judicious
choices of fluid samples were Phosphate Buffer Saline (PBS) and deionized water.

The waveguides from GTRI only allow for a reference beam that passes through the middle of
the cuvette, so the experiment had to be carried out using the split flow cell.  Here, deionized
water was introduced into a reference cell and left static.  The flow was continuous through the
other target channel and controlled by the pump.  This configuration allows for the comparison
of refractive indices of two different fluids in a differential format, however, because the two
fluids are independent they are at different temperatures thus limiting the quality of the
measurement.

Figure 10-8 shows typical refractive data curve for deionized (DI) water and Phosphate Saline
Buffer (PSB).  Deionized water was initially flowed followed by PBS and then back to DI water.
The total response was equal to 4.953 cycles; the standard deviation monitored between 1900
and 2250 seconds was calculated to be 5.1 x 10-3 cycles.

The difference in refractive indices can be obtained from the formula ∆n = ∆ϕλ/l where λ = 633
x 10-9 m and l=18 x 10-3 m (the length of the active area).  Plugging in these number one obtains
a difference in refractive index between PBS and deionized water of ∆n = 1.742 x 10-4.

Figure 10-7.  Computer interface for automated pump station.
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Surface Detection: Protein Adsorption.  Measuring the bulk index demonstrates the ability of
the interferometer to monitor volume effects but does not confirm where the phenomenon is
taking place.  To demonstrate that the interferometer is measuring surface phenomena, a set of
experiments to monitor the non-specific adsorption of a protein was undertaken.  In this way, the
optical performance of the system was characterized for its sensitivity to surface bound mass.
This was accomplished by coating the native nitride with Octadecyltrichlorosilane (OTS) to form
a hydrophobic surface for the adsorption of a monolayer of protein and monitoring the resulting
phase response.  The OTS solution was provided by the Laibinis group at MIT.  After a thorough
cleaning, the waveguide was submerged in the OTS solution for a few hours to form a coating
estimated to be tens of angstroms thick.  Hydrophobicity was readily confirmed visually by
observing the large contact angle of drops of water placed on the surface.

An estimate of the signal size from such an experiment was obtained from the data shown in
Figure 10-9.  After establishing a baseline flowing PBS, lysozyme was introduced (1350 s) and
began to bind to the OTS coated surface.  The initial rise in signal is due primarily to diffusion of
the protein within the flow cell. (The velocity profile of the flow is laminar and thus parabolic;
therefore, the flow is ‘creeping’ at the nitride surface.)  The essentially linear increase from 2000
to 4000 seconds is interpreted as due the ‘creeping’ interface slowly covering the nitride surface
and the accumulation of any loosely bound protein.  At 4000 seconds the loosely bound protein
is washed from the surface with PBS and a monolayer of lysozyme molecules remain bound to
the surface.

Figure 10-8  Bulk flow of deionized water and phosphate saline buffer
(PBS).  The reference cell was filled with a static solution; the flow rate
in the other arm was 2 ml/hr.
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The total mass of the assumed adsorbed monolayer of lysozyme is estimated to be approximately
2.1 ng/mm2 corresponding to a response of 371 (pg/mm2)/cycle.  The standard deviation of the
signal between 4500 and 5000 seconds was calculated (to accurately portray any 1/f noise from
the bound surface) as σφ ∼ 6 x 10-3 cycles and used as the detection threshold.  These data are
shown in expanded form in Figure 10-10.  The mass detection threshold is obtained by
multiplying σφ by the responsivity to get: σMass ∼ 2 pg/mm2 for these data.  Extrapolating this
measurement to a baseline of σφ ∼ 10-6 cycles (the goal of the doubly differential configuration)
suggests a detection threshold of 0.4 fg/mm2.

Discussion.  The average flow rate for this experiment was 50 µl/min through a 4.5 µl chamber
volume  (15 mm long x 3 mm wide x 0.1 mm high) thus the total transit time for a plug of fluid
is 3.6 seconds.  However, the rise time of this binding response is ∼500 seconds and the signal
was increasing for several thousand seconds.  The microfluidic character of the flow necessitates
that the flow rate is laminar and therefore its corresponding velocity profile is parabolic.  This
means that the flow rate at interaction surface (assume the OTS coating is 10 nm thick) is
creeping at the value of 0.0017 mm/s so that while the fluid at the center of the flow cell is
moving at maximum speed (4.17 mm/s), the lysozyme-PBS interface at the interaction surface is
creeping along at a rate 2453 times slower!  Thus the binding interactions for small proteins (in
contrast to cells) is dominated by diffusion.

The diffusion length can be estimated with the equation

Dtl ≈
where D is the diffusion constant and t is the time for a molecule to traverse the length of the
flow cell.  The diffusion constant was calculated using the CLAMP program available for free

PBS

Figure 10-9.  Non-Specific Binding.  These data show the amount of phase shift from non-
specifically bound lysozyme adsorbed onto an 18 mm2  hydrophobic surface.  At 4000 sec the
surface was washed removing any loose or unbound protein.  The response from the
remaining bound protein is 5.66 cycles, which is assumed to be due to a monolayer of
lysozyme coating of active region.

∆φ = 5.66 cycles

PBS

Lysozyme

100Q       I50Q       2000       2500       3000       3500       40OO       4500 
^^^^^^^^^m Time in sec.) 
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from the University of Utah1 {ref}.  For lysozyme at 25 C the value of D = 1.5 x 10-5 cm2/s; the
relevant diffusion length is √(1.5x10-5)(5.5 s) = 93 µm or the approximate height of the flow cell
confirming diffusion as the main transport mechanism for binding.

Specific Binding.  The next set of experiments were undertaken to incorporate the receptor
system developed and demonstrate the specific capture of a protein.  A logical choice for this is
lysozyme allowing a comparison with the previous non-specifically bound lysozyme data from
Figure 10-11.  Once again a single flow cell chamber covered both channels so that the reference
channel is subjected to the same flow stream encouraging common mode rejection between to
two.

It was found that the syringe pump arrangement was more effective for this set of experiments
because of its ability to operate at very low flow rates combined with its ease in cleaning.

Two waveguides were delivered to MIT for surface modification.  The waveguides were
derivatized in bulk with the self-assembled monolayer of PEO thus the entire waveguide surface
was coated.  Next the ‘split’ flow cell was mounted on the waveguide to be able to operate on
each cuvette independently.  For this experiment it was desired to attach Protein-A on only one
of the cuvettes.  After surface activation followed by incubation with Protein-A the waveguides
were returned to SatCon for further experimentation.

The waveguide was next mounted in the interferometer while keeping the surface wet and
mounting the flow cell to contain a solution of PBS during alignment and other preparation steps.

                                                
1 Morton & Myszka (1998) Methods Enz.,  295, 268-294

Figure 10-10.  Detection Threshold.  The baseline was determined with a
signal from bound molecules to accurately portray any 1/f noise from the
bound surface.  The standard deviation was calculated to be σφ ∼ 6 x 10-3

cycles.
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Anti-lysozyme (Biodesign, Kennebunkport, MA) at a dilution of 1:50 was flowed at a rate of 3
ml/hr for a typical period of one hour followed by a wash step with PBS.  The binding was
usually observable with the biosensor.

Next, a 1-2 mg/ml solution of lysozyme (Sigma, St. Louis, MO) was prepared and loaded into
the syringe pump.  The experiment was started with the flow of PBS to establish a baseline.
Variations at the onset were typically seen requiring tens of minutes to settle.  These are
interpreted as thermal perturbations resulting from the temperature differential between the fluid,
the flow cell, and the waveguide material.  Although the apparatus was enclosed by 1.5”
insulating foam, the mechanical instabilities of this setup still dominate.  After a stable baseline
was established the flow was switched over to the lysozyme solution.  A similar response to the
non-specific case was observed.

Discussion.  Two data sets have been obtained for the binding of the small protein lysozyme.  In
the first experiment a monolayer of adsorbed protein was formed and in the second the
biomolecule was specifically bound to an immobilized affinity probe.  The magnitude of the
response for the specific case (4.92 cycles) is 87% smaller than for the non-specific case (5.66
cycles).  Based on earlier studies of the active coverage of the protein-A, estimates based on
fluorescence were 30-40% active coverage.  Combining this estimate with the fact that two
binding sites are available per antibody a value between 60-80% was anticipated in marginal
agreement with the actual data.  Differences could be attributed to

Ø Improved coverage of Protein-A,
Ø Use of different waveguides having different sensitivities
Ø Non-specific adsorption is less than the assumed 100% coverage
Ø Non-specific binding on the reference region.

Suppression of Non-Specific Binding.  A measurement of the adsorption from BSA onto the
PEO self-assembled monolayer surface developed by the MIT group was made as a further
demonstration of its ability to resist non-specific binding of proteins.  This measurement was
carried out using the ‘split’ flow cell containing two separated flow cells and allowing a different
flow stream for each cuvette.

∆ϕ = 4.92
 cycles

Figure10-11.  Specific Binding of Lysozyme.
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The cuvette for the reference arm was filled with a static solution of  PBS + 0.1% Tween 20
while the a 1 mg/ml solution of BSA in PBS + 0.1% Tween 20 was continuously flowing in the
other cuvette.  A plot of the data is shown in Figure 10-12.  PBS was flowed to establish a
baseline and then the BSA mixture was introduced (1300 s).  A response of 0.85 cycles is
observed from a combination of both the change in index from the bulk solution as well as any
BSA bound to the surface.  Note that for typical experiments such as those from Figure 10-9 the
bulk index is optically subtracted and the response from adsorption only would be seen.  At 3200
s the surface is washed with PBS and the signal is seen to return to the baseline indicating a
‘Teflon’-like surface consistent within the experimental uncertainty of virtually no bound
protein.

Cell Detection Effort.  Several attempts were made to monitor the specific binding of cells.
These efforts were thwarted by the limited performance of the GTRI waveguides used for these
experiments.  Six waveguides were obtained from GTRI.  Of these six, three were of high quality
and three were of marginal quality.  Unfortunately, during the integration process the three
highest quality waveguides were destroyed through handling and only the marginal waveguides
that suffered from low throughput and scattering were available for these experiments.  The two
best remaining waveguides were evaluated and brought to MIT for protein-A attachment.  Once
again the ‘split’ flow cell was used to pattern the waveguide immobilizing Protein-A on one
cuvette only.  The waveguide was then placed on the optical fixture and very significant attempts
were made to couple light into and out of these waveguides with no success.  The observed
results were an irregular distribution over a wide angular range, the result of severe scattering.
This was is contrast to the well defined tight beam spot typically seen in all previous
experiments.   Both waveguides were tried with the same results and the experiment was finally
abandoned.

PBS PBS (No Residual Binding)

BSA (Bulk Response)

Figure 10-12.  Adsorption of BSA onto a self-assembled monolayer of polyethylene
oxide.  For the reference channel, the cuvette volume was filled with PBS buffer in a
stopped flow configuration.

I I 
1000 2000 3000 
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4000 5000 



10-13

Summary.  Preliminary laboratory characterization of the evanescent detection technique was
performed using waveguides provided by the GTRI group.  The basic interfacing of the flow cell
and the waveguides was accomplished.  The laboratory systematically demonstrated the
operation of a device as a refractometer.  Next, the non-specific adsorption of lysozyme was
monitored confirming its ability to respond to surface phenomena,  Finally, the waveguide
interferometer was combined with the Protein-A/PEO derivitized surfaces incubated with anti-
lysozyme to demonstrate the specific capture of a protein.  Although it was not possible to obtain
measurements of bacteria, a noise threshold of 2 pg/mm2 was obtained with this system inferring
a threshold of sub-fg/mm2 once the doubly differential interferometer is operational.
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Appendix 10-A: Mechanical Drawings for
Waveguide-Flow Cell Mounting Fixture
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Appendix 10-B: Flow Cell Mechanical
Drawings
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Chapter 11 : Application to Food System Testing.

Food System Testing.  The goal of the effort was the application of the SatCon evanescent wave
biosensor to the detection of foodborne pathogens.  This work was intended to be subcontracted
to Dr. Jianming Ye in the Department of Food Science and Nutrition at the University of Rhode
Island.  However, because of internal problems within URI (i.e. the dissolution of the research
group) URI was forced to refuse the subcontract.  Drs. Andre Senecal and Phillip Pivarnic at the
U.S. Army Soldier and Biological Chemical Command, Soldier System Command, Natick, MA
subsequently agreed to complete the work intended for URI.

Three experiments were planned to accomplish this effort:

1. Verify binding of the model antibody-antigen systems.

2. Develop sampling methods to recover S. aureus, staphylococcal enterotoxins, and E. coli
O157:H7 from food extracts and clarify the extracts that will be introduced into the
microfluidic circuitry of the SatCon system.

3. Evaluate the performance of the sensor for S. aureus, E. coli O157:H7, and
staphylococcal enterotoxins in spiked food samples.

The completion of all three tasks was impeded by the unavailability of waveguides to make any
optical measurements.  Nonetheless, Experiments 1 and 2 were planned and are described below.
In Experiment 1, progress was made toward the verification of the model system, but this
experiment was hampered by the logistics of transferring biological substances onto a US Army
base during a time of heightened security.

Additionally, the non-specific binding of three food systems spiked with E. coli O30 onto the
PEO-Protein-A coated surfaces was monitored.

The model systems intended for this effort were:

Food-borne Pathogens and Toxin:

Ø E.coli 0157 cells &  (Anti-E. coli O157 antibody, KPL Inc. Gaithersburg, MD))
Ø S.aureus cells & (Anti-S. aureus polyclonal antibody, ViroStat Portland, ME)
Ø S. enterotoxin A (SEA) & (Anti-SEA polyclonal antibody, Toxin Technology, Inc.

Sarasota, Fl)

Food Matrices:

Ø Low lipid content (apple/lettuce)
Ø Medium lipid content (milk)
Ø High lipid content (burrito/ground beef)

All testing with pathogenic cell lines and toxin was performed by Dr. Pivarnic at the Natick
laboratories.  S. aureus, purchased from ATTC (Manassas, VA) was sent directly to the Natick
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facility; E.coli 0157 and SEA were already available in-house to Dr. Pivarnic.  The
corresponding antibodies listed above were purchased and stored at SatCon.

Description of Experiments

Confirmation of Specific Binding of the Model Systems.  The first task was to verify the binding
of the pathogenic target cells to the immobilized immuno-receptors and characterize the specific
binding; cross reactivity, and non-specific binding of the model systems.  PEO Protein-A
surfaces were prepared by MIT on 18mm x 18 mm silicon chips, incubated with antibody by
SatCon.  All chips were immersed in PBS solution, packaged in a plastic multi-well container,
and sealed thoroughly with parafilm.

A summary of the intended experiments is shown in the matrix below:

Non-Specific
Binding
(PEO)

Non-Specific
Binding

(PEO + Prot-A)

Specific Binding
(PEO + Prot-A

+ Antibody)

Cross Reactivity
(PEO + Prot-A

+ Antibody)
S.aureus (#1) X X ViroStat Ab ViroStat x

E.coli
S.aureus (#2) X X ViroStat Ab

E. coli 0157 X X KPL Ab KPL Ab x
S.aureus

SEA X X Toxin Tech Ab Toxin Tech Ab
x S. aureus

The general protocol used for these pathogen binding studies is given by:

Ø Incubate the respective individual silicon chips with cultured cells (2-4 x 108 CFU/ml) for 60
to 90 minutes.

Ø Remove unbound cells by washing three times for 5 min each with PBS containing 0.2%
Tween-20 followed by one washing with PBS alone.

Ø Stain bound cells with fluorescein based live/dead stain (Syto 9, Molecular Probe, Cat #L-
7007) for 15-30 min and detection of fluorescent cells under fluorescent microscope. In order
to do staining, component A and component B of the staining kit are mixed in equal volumes
and 5 µl of stain mixture is added to each ml of PBS.  Live cells emit green florescence; dead
cells emit red fluorescence.

Ø Monitor bound cells by visualizing and counting stained cells with a fluorescent microscope,
normalizing the number to estimate the amount of coverage, and comparing with initial
population.

N.B.S. Enterotoxin A must be treated differently.  After initial binding of SEA, a second
incubation with FITC-labeled anti-SEA antibody to form a sandwich assay is needed followed
by the detection of the complex fluorometrically.
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E.coli O157 Model System.  Two chips were prepared with anti-E.coli O157 (KPL Inc.
Gaithersburg, MD) along with two control chips containing Protein-A only.  All four chips were
incubated at SatCon with heat killed E.coli O157 cells (KPL Inc. Gaithersburg, MD) and
fluorescently stained for monitoring.  Photographs of these fluorescent bound heat killed cells are
shown in Figure 11-1.  Marginal binding is seen especially when compared with the E.coli O30
model system (Figure 6-8).  This K&P antibody has shown good success in other biosensor
laboratories1 and according to the manufacturer ‘good binding’ is routinely seen with the heat
killed cells. A possible explanation for this result is that the manufacturer’s studies were
performed successfully by agglutination methods but the heat-killed cells have very weak
affinity that is manifested in the different binding dynamics encountered with a solid support
platform.  Consequently, if the SatCon experiment had been performed with live cells
significantly better results would have been seen.

Additional measurements were performed by Dr. Pivarnic at the Natick facility using viable E.
coli O157:H7 cells (strain B6-914 from the CDC and also ATCC strain 43888).  Antibody laden
surfaces were incubated with a cell concentration of 5.1 X 107 CFU/ml and very little binding
was reported likely due to corrupted surfaces (see below).

Two attempts were made to deliver these chips in working order to SBCCOM with limited
success.  An attempt to deliver these chips in person was thwarted by the initial confiscation due
to heightened security, resulting in the eventual drying out and spoilage of the surfaces.  More
chips were prepared and a second attempt was made shipping the package via FedX.  These
chips were successfully received by Dr. Pivarnic but several surfaces were again spoiled showing
cracking of the surface indicating drying had occurred.

S. aureus Model System.  Again two Protein-A chips were incubated with anti-S. aureus, and the
two others were not and used as controls.  All four chips were incubated with Staphylococcus
aureus (ATCC strain 13567) at concentration of 6.5 X 107 CFU/ml.  The surfaces were stained
                                                
1 D. Lim, Univ. S. Fl, Tampa, FA, Private Communication., 2001.

Figure 11-1.  E.coli O157 Heat-Killed Cells .   Surfaces were incubated at SatCon with heat killed E.coli
O157 cells for 2 hours.  Left: Control surface contained active Protein-A but was not incubated with
antibody; Right: Active Protein-A surface was incubated with anti-E.coli O157.
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with fluorescence (Live/Dead, Molecular Probes) and visualized with a fluorescent microscope.
Images were obtained with a magnification of 400X through a #1 coverslip.  The CCD camera
on our microscope was designed for taking bright field images and doesn't work as well with the
low light fluorescent images.  The Staphylococcus aureus control chip (Figure 11-2 Left) had a
few areas of high concentration and more areas of lower concentration.  The Staphylococcus
aureus IgG chip (Figure 11-2, Right)had many more areas of high concentration showing single,
double and some small clusters of cells, a characteristic of Staphylococcus aureus.  A
quantitative estimate was difficult to make due to the irregularity of the cell density and small
field of view.

Capture from Spiked Food Matrices.  A demonstration of the specific binding of E.coli O157,
S. aureus and SEA in spiked food samples was planned but not executed.  Spiked and non-spiked
food samples were to be provided by the Natick laboratories.  For each food system both non-
specific and specific binding must be checked.  For each food matrix a total of 12 incubated
chips (PEO surfaces with Protein-A and antibodies) are required.  A summary of these
experiments is shown below.

Food Matrix –
Unspiked

(PEO + Prot-A)

Food Matrix –
Spiked

(PEO + Prot-A)

Food Matrix –
Unspiked

(PEO + Prot-A +
Antibody)

Food Matrix –
Spiked

(PEO + Prot-A +
Antibody)

E. coli 0157
X X KPL Ab KPL Ab

S.aureus
X X ViroStat ViroStat

SEA X X Toxin Tech Ab Toxin Tech Ab

Figure 11-2.  Results of S.aureus Model System.   Surfaces were incubated with Staphylococcus aureus
(ATCC strain 13567) at concentration of 6.5 X 107 CFU/ml and stained with fluorescence for
visualization..   Left: Protein-A control surface (no IgG receptors); Right: Protein-A surface was incubated
with anti-S.aureus.
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Non-Specific Binding (NSB) of Food Samples.  Previous NSB testing of cells onto PEO
surfaces was conducted with our E.coli 030 model system and found to be void of any non-
specific binding.  We have repeated these tests with food samples prepared by Dr. Phillip
Pavarnic at the Army SBCCOM facility in Natick, MA; PEO/Protein-A coated surfaces were
provided by the Labinis lab at MIT.  The homogenates of the food samples namely, bread, clam
chowder and BBQ brisket were kept frozen at −20 0 C until analyzed.  PEO-coated chips with
and without Protein-A were incubated with the food homogenates for either 90 min or 20-22
hours at room temperature as outlined in the protocol description below.  The presence of any
surface binding of the microorganisms was determined by fluorescent staining and visual
monitoring.

Significant non-specific binding of microorganisms to the PEO-coated surfaces in the presence
as well as in the absence of Protein-A was observed and is shown in Figure 11-3.   Much of this
binding has subsequently been determined to be caused by yeasts and mold likely originating
from the building air conditioning system.  Additional experiments are needed to determine the
exact cause of this binding.  However, it is strongly suspected that the NSB cells and food fibers
are attaching to proteins and lipids, non-specifically coating the chip surface.  It is important to
note that these tests were performed as benchtop experiments in small gyrating containers.
These conditions are significantly different from the dynamics of the flow stream that will be
encountered within the flow cell.

The protocol used for these experiments is provided below:

Detection of the non-specific binding of microorganisms present in the food
samples with or without Protein-A coupled to PEO surfaced chips.

Chip (PEO-Protein A)

Blocking with 5% BSA in PBS containing 0.05% Tween-20, for 1 hour

Incubation with food sample homogenates, for 90 minutes or 22 hrs.

Washing of chips 3 x with PBS containing 0.2% Tween-20,
2 x with PBS only, 5 min. each wash.

(Note: Washing was done with copious amount of buffer while gyrating at a moderate
speed of 70 rpms on the gyrater).

Staining of bound microorganisms with live and dead stain
(Syto 9, fluorescein conjugated), for 30 min.

Detection of fluorescent cells under the fluorescent microscope.
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Figure 11-3b: Non-specific binding of microorganisms in the BBQ Briskets homogenate with PEO-Protein-A chips

90 Minutes 22 Hours

Figure 11-3a: Non-specific binding of microorganisms in the bread homogenate with PEO-Protein-A chips

90 Minutes 22 Hours
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Summary.  The ultimate goal of this project was the application of the SatCon biosensor to the
detection of foodborne pathogens.  This work was planned in collaboration with SBCCOM
Natick, MA.  To this end, experiments for verifying S. Aureus, E.coli O157: H7, and SAE model
systems, and the spiking of food systems (not yet chosen) were planned.  All cell strains and
corresponding antibodies were purchased.  Non-specific binding studies were conducted at
SatCon using food systems spiked with the avirulent E. coli O30 system.  Significant binding
was found and suspected to be the result of lipids binding to the surface.  Verification of E.coli
and S. aureus model systems was attempted but thwarted by the logistics of transporting Protein-

Figure 11-3c: Non-specific binding of microorganisms in the clam chowder homogenate with PEO-Protein-A
chips

90
Minutes

22 Hours

Figure 11-3d: Non-specific binding of microorganisms (90 minutes) in the bread (left) and BBQ briskets (right)
homogenates with PEO-chips (without Protein-A).

Bread BBQ Brisket
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A coated chips without corrupting the sensitive chip surfaces.  No other work was able to be
carried out before all funding was exhausted.
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Chapter 12 : Summary and Conclusions

The development of a novel interferometric, evanescent-wave-based biosensor system for the detection
of foodborne pathogens was undertaken over an 18-month period.  A ‘doubly differential’
interferometer, capitalizing on the difference in evanescent response between modulating polarizations,
was used as the transducer because of its promise for high sensitivity (at a level of fg/mm2 surface mass)
and unlabelled detection. The development of the interferometer was eventually hampered by the
inability to fabricate working waveguides for grating-coupled double-differential testing.  A first
generation of grating-coupled waveguides was fabricated but was unusable due to poor throughput.  The
next generation waveguides, incorporating 1st order diffraction gratings, never reached fabrication due to
design uncertainties, risk and resulting delays.   SatCon resorted to singly-differential measurements
using grating-coupled waveguides obtained from Dr. Daniel Campbell at the Georgia Tech Research
Institute to establish interferometer performance limits and to peform preliminary integration and
laboratory characterization efforts.

The development of the transducer was combined with several parallel developments.  The waveguide
surface was derivatized with a self-assembled monolayer (SAM) of polyethylene oxide (PEO) to which
protein-A was covalently attached.  This provided a ‘Teflon’ like surface for the suppression of non-
specific binding and the carefully controlled positioning of receptors.  Work was terminated before
patterning and optimization could be carried out.  The receptor system was based on a protein-A linker
for the general attachment of IgG immuno-receptors.  A model E. coli system was developed for testing
and immuno-receptor attachment and regeneration was demonstrated through a series of benchtop
binding experiments.

Non-specific binding (NSB) of proteins was addressed by the application of a PEO SAM mentioned
above.  A novel optical technique proposed by the Boston University group for the controlled
desensitization of the waveguide surface and the microfluidic based filtering to diffuse small molecules
from large cells as a means of mass extraction was also explored as an additional approach to NSB and
for ‘on-chip’ sample preparation, respectively.  No data were able to be produced from the former
optical experiments.  Stand-alone gravity driven disposable cartridges were designed by Micronics, Inc
for SatCon and tested.  Cell recovery was typically measured at 60-70% while removal of BSA protein
was slightly higher.  Although not optimized, these results suggest that this technique alone will not be
adequate for ‘on-chip’ sample preparation.

A novel flow cell based on the dynamics of flow at low Reynolds number to spatially direct cells nearer
to the receptors for enhanced capture efficiency was conceived.  A device was designed and tested.  The
experimental data were in excellent agreement with theoretical predictions and eventually limited by the
stability of the pump station.

Experiments were planned using prism coupled waveguides produced by the Boston University group to
obtain intermediate data while the more time intensive development of the grating coupled waveguides
was underway.  No data was able to be produced due to fatal design flaws in the production of the
waveguides.   Eventually working grating coupled waveguide devices were obtained from Dr. Daniel
Campbell at the Georgia Tech Research Institute and a preliminary integration and laboratory
characterization was carried out.  Refractive index data on bulk fluidics, non-specific protein adsorption,
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and specific capture of proteins was collected.  Preliminary experiments with bacterial cells were not
able to be completed because of the unavailability of quality waveguides.

Finally, the application of the technology to the detection of Foodborne pathogens was undertaken.
Experiments establishing model systems and their recovery from different food systems were planned
but not executed before all resources were expended.

Future Work.  Overall, the lack of availability of working grating coupled waveguides has impeded the
progress in demonstrating the effectiveness of this approach and further work is required to access its
value.  A list of four major items to demonstrate the capability of this biosensor is:

Ø The completed fabrication of these waveguide devices is essential to prove the feasibility of this
technique and make measurements of microbiological targets.  A commercial fabrication facility
capable of doing the work has been identified and contracted.  The fabrication setup of these
devices is complete, photolithographic masks have been purchased, wafers have been delivered,
and the process is ready for thin film deposition and feature etching.  Inconsistencies in modeling
results which have confused the selection of the final design parameters must be worked out
before proceeding to manufacture.

Ø The preliminary work for the immobilization of Protein-A onto a PEO SAM has been completed,
however, this task has not been fully completed.  To effectively utilize Protein-A, its density of
surface binding sites must be controlled.  Protein-A is capable of generating non-specific binding
through its presence.  Currently Protein-A surface density is estimated to be between 30 and 40
percent.  The exact ratio of Protein-A to PEO is crucial and is a tradeoff between the amount of
non-specific binding and the capture affinity of the surface.  This ratio will be different
depending on the target.  For example, the binding of large objects such as cells that are orders of
magnitude bigger than an immuno-receptor suggests only a fraction of a percent surface
coverage is needed to capture an organism whereas the detection of small proteins will require
coverage at the level of tens of percent.

Ø Differential detection techniques are powerful methods for effectively integrating a ‘control
experiment’ into the instrument.  In order to take full advantage of the common-mode rejection
between the target and reference channels they must be in close proximity to each other.  This
can only be implemented if the Protein-A receptor patch can be positioned with millimeter
accuracy.  The development of surface patterning techniques must be continued to control of the
positioning of receptor regions.

Ø An area more important than the sensitive transduction of the captured cells is the actual
capturing of these targets.  While hydrodynamic focusing is an important contribution for
increasing the capture probability it comes at the price of a much longer processing time.
Therefore, a key area for future work, more important than transducer development, is the
concentration of the sample to expedite significantly the processing time.  This is essential to
address a problem common to all biosensors, namely the small detection volumes inherent to
their design in contrast to the large sample volumes encountered with real world problems.


